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ABSTRACT

y4 904

The feasibility of using the Cone-and-Column, double-reflector, solar concen-
trator for space 'applications is documented in this final report of the work per-
formed under Contract NAS 1-3140. Testing of the cone, concentrator testing,
and a computer analysis of the system optics are described. The optical study
and model construction were performed under a program for Langley Research

Center, National Aeronautics and Space Administration by Goodyear Aerospace

Corporation. V775 7 2
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SECTION I. INTRODUCTION

A. GENERAL

Under Contract NAS-1-3140 for NASA Langley Research Center, Goodyear Aero-
space Corporation has performed a five-month investigation of Cone-and-Column,

double-reflector, solar concentrators.

This final report describes the effort and accomplishments of the testing of the
cone and concentrator and the computer analysis of the new concept for the con-

centration of solar power in space.
B. PROGRAM OBJECTIVE

The objective of the program was to determine the optical characteristics of the
Cone-and-Column configuration and to fabricate a five-foot model to verify the

findings.
C. DESCRIPTION

The fabrication, folding, and unfolding of large paraboloidal reflectors within

strict weight and dimensional limitations present many problems.

Although several methods of folding paraboloidal reflectors have been investigated
in detail, little attention has been given to the possibility of optically folding them.
Optical folding is a technique commonly used to place conveniently parts of an
optical system such as objects, images, components, and the eye. It is accom-
plished by placing a plane mirror in the path of the light and relocating the shad-
owed parts so that their images in the mirror coincide with their original posi-
tions; that is, the parts are interchanged with their images in a plane mirror (see
Figure 1).
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The principle of optical folding is extended to folding with curved mirrors with
proper account taken of the magnification of curved mirrors. When a suitable

conical mirror is placed in front of a paraboloidal reflector (see Figure 2), the
image of the reflector is made to lie near the reflector axis. The paraboloidal

reflector is interchanged with its image.

The new reflectér (column reflector), combining with the conical mirror, is the
optical equivalent of the paraboloidal reflector. The focal points and apertures
of the two systems are identical. The column reflector is a parabola of revolution

with its axis of revolution lying on the convex side of the parabola.

When a paraboloidal solar concentrator is optically folded, the area of the para-
bolic surface required is reduced greatly. For the primary interception of solar
energy, the conical reflector is substituted for the paraboloidal reflector. Solar
energy incident on the cone is reflected to the column reflector. Energy reflected
from this column is focused to a point on the axis after having been reflected from

the cone a second time.

The two modes of concentration of the paraboloidal reflector have been preserved.
The first mode, in which rays are reflected to an axis, is due to the paraboloid
being a surface of revolution. This mode is preserved by using only surfaces of
revolution in the new system. The second mode, in which rays are reflected to a
single point on the axis, is due to the parabolic cross section of the paraboloid.
This mode is preserved by retaining the parabolic cross section in the column
reflector.

Further steps can be taken to minimize the surface area of the column. From
Figure 2, it is seen that the column flares at the top and at the bottom. This
flaring should be minimized, not only to reduce weight and volume, but also to
prevent the top of the column from intercepting rays approaching the focal point.

The flaring can be alleviated by shallowing the basic paraboloid, but this operation
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Figure 2. Optical Folding of Paraboloidal Reflector

undesirably increases the focal length. A better method is to step the surface of
the basic paraboloid so that the steps lie in a straight line. The steps, then, will
be segments of confocal paraboloids, and the resulting configuration will be as
shown in Figure 3. To avoid the ray blockage, which is typical of Fresnel re-
flectors, the steps should rise as they move out from the axis on the basic para-
boloids; that is, the focal lengths should decrease for succeedingly larger dia-
meter segments. Proper stepping is accomplished by proper selection of the apex

angle of the cone.

This program consisted of analytical and experimental investigations, model fab-

rication, testing of the assembled concentrator, and evaluation.
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SECTION I. OBJECTIVES OF INVESTIGATIONS

The analytical and experimental investigations of the program were periormed to

determine performance characteristics of the Cone-and-Column concentrator.

The analytical investigation determined the effects of various geometric para-
meters, material properties, and operating conditions on concentrator perform-

ance.

The experimental investigation determined the optical characteristics of a typical
concentrator configuration. Fabrication of the model for the experimental in-
vestigation helped to define the problem areas associated with the development of

this type of concentrator and assisted in the evaluation of the concept.
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SECTION III. TECHNICAL APPROACH

A. EXPERIMENTAL INVESTIGATION

A five-foot diameter, conical reflector was fabricated for use in the concentrator
assembly. The reflector was made by laying up aluminized Mylar on a male
master. Resin and Fiberglas layers were applied to the Mylar for rigidization,

and mounting flanges were added to each end of the reflector.

The use of aluminized Mylar as the reflecting surface made the model most rep-

resentative of the end item.

The elements of the column reflector were individually machined and polished.
The elements were vacuum-aluminized and assembled to a shaft to form the col-
umn reflector. This reflector was then assembled to the cone reflector to com-

plete the concentrator.

The distribution of slope errors in the surface of the cone was obtained by scan-
ning the surface with a beam and comparing the actual angle of reflectance with the
ideal angle of reflectance. The difference can be resolved to the radial and tan-
gential components of the slope errors. Examining a sufficient number of points

on the cone provides the desired distribution.

The assembled concentrator was tested using éollimated light. An integrating
sphere collector with a phototube sensor was mounted at the focus of the concen-
trator behind an iris diaphragm. Size of the aperture was varied to indicate ray
deviation. A collimator was directed toward the concentrator, parallel to the

axis, and rotated at varying radii, to completely test all sectors of the concentrator.

Tests were also made on the concentrator with the collimator misaligned by a
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preset angle. The results permitted the evaluation of the effects of concentrator

misalignment.
B. OPTICAL ANALYSIS

The flux profile in the focal plane of a Cone-and-Column, solar concentrator is a

function of six two-dimensional variables as follows:

(1) The infensity distribution in the solar disk.

(2) The concentrator orientation (in two axes).

(3) The surface intercepting the solar flux.

(4) The slope error distribution at the point of first reflection (radial and
tangential).

(5) The slope error distribution at the point of second reflection (radial and
tangential).

(6) The slope error distribution at the point of third reflection (radial and

tangential).

An exact solution of the focalplane flux profile requires a twelve-fold integration.

This approach is not feasible because of the mathematical complexity.

A solution of the focal-plane flux profile, which approaches the exact solution,

can be obtained by solving a number of optical rays for their points of incidence on
the focal plane. This method requires that the variables governing the path of the
ray be sampled in a random manner and that a sufficient number of rays be solved

to obtain reasonable accuracy.

The approach taken to determine the effect of the various errors on the focal-
plane image radius is to determine their effect taken one at a time. The effect of

the errors in combination is then postulated and verified for several sample cases.
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SECTION IV. CONE TEST

A. TEST ITEM

The initial step in the fabrication of the cone test item was the construction of a
close tolerance plastic mold to the dimensions of the inside cone surface. The

flange at the large end of the cone was included.

Metalized, one-mil, Mylar film with vapor deposit aluminum 400 angstroms thick
was cut to size using templates. The material was seamed and then pulled over
the mold so that it was as wrinkle free as possible. The metalized surface was
against the mold. The material was heat-shrunk on the mold to remove all wrin-
kles. During this procedure the mold and material surfaces were as lint free as

possible.

A spray coating of epoxy resin approximately 0. 020 inch thick was applied to the
film. Three plies of Type 116 glass cloth impregnated with polyester resin

catalyzed for a room temperature cure were then added.

Over the Type 116 glass cloth, two stages (one of three plies and one of two plies)

of Type 181 glass cloth impregnated with polyester resin catalyzed for a room

temperature cure were applied.

The five plies were turned over to form the first five plies of the flange buildup.

Five additional plies were then added to the flange and extended 2-1/2 inches up
the cone.

The completed unit was put on the boring mill, and the small end was turned to

the desired inside diameter.

When the cone was removed from the mold, a metal cap was set in place and
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leveled. The cap was bonded in place by the application of reinforced plies.

The completed cone narrows from a 60-inch diameter to a 6-inch diameter. The

apex half-angle equals 33945".
B. CONE TEST SETUP

The test setup, shown in Figure 4, included the test item, adjustable mirror

mount, first surface mirror, a collimator, and a wall chart.

The first surface mirror could be rotated to the left and right and could be moved

forward and backward to check cone surface errors.

A polar grid, marked on the chart, located points where the rays should strike.

The wall chart was located 53 inches from the 60-inch ring on the cone. The
points on the chart were compared with the actual light spots obtained by posi-

tioning of the first surface mirror.

_— WALL CHART

FIRST SURFACE
MIRROR (CAN
BE ROTATED) <

[ = —
™ COLLIMATOR U
™~

RAY

Figure 4. Cone Test Setup

10
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C. CONE TEST DATA

The radial and tangential components of the spot displacement were measured and

tabulated, as shown in Table I.

Readings were taken along rings on the cone designated A, B, C, E, G, I, K, M,
N, and O having the radii shown at the top of the table. Readings were taken on
azimuth lines spaced every 11-1/4 degrees and designated 1, 3, 5, 7, through 63
starting with the six o'clock position on the chart and moving counterclockwise.
Outward and clockwise displacements are marked +; opposite are marked -. The

readings are in inches.
D. CONE TEST RESULTS

The pattern of the spots on the wall chart indicated a persistent error due to mis-

alignment between the projection system and the cone.

The data was therefore analyzed to determine the nature and magnitude of this
misalignment. When radial spot displacement was plotted against azimuth angle

for each ring on the cone, the data points fell near a vertically displaced sine wave.

Analysis of the effects of misalignment of the cone with respect to the projection
system showed the following:

(1) Axial translation of the cone will cause a vertical shift of the data points
for radial spot displacement.

(2) An error in the angular setting of the projection mirror will cause a
vertical shift of the data points for radial spot displacement.

(3) A radial translation of the cone will generate a sine wave in both the
radial and tangential spot displacement curves.

(4) Rotation of the cone will generate a sine wave in both the radial and

tangential spot displacement curves.

It was further noted that an odd number of sine waves cannot be generated by a

11
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Table I. Cone Test Spot Displacement (Continued)

RING DESIGNATIONS AND RADII (inches)

AZIMUTH A B C E G I K M N (o}
NO. (3.63) (5.48) | (7.33) (11.02) | (14.72) | (18.41) | (22.11) | (25.81) | (27.65) | (29.50)
33 (r) +0.9 +0.8 +0.6 +0. 6 +0.8 +0.7 +0.9 +0.9 +0.7 +2.6
33 (t) 0.0 +0.1 -0.1 -0.3 0.0 -0.1 -0.3 -0.2 +0.1 0.0
35 (r) +0.7 +0.7 +1.2 -0.5 +4.1
35 (t) 4+0.1 +0.5 +0.6 +0.1 +0.4
37 (r) +0.5 +0.4 +0.4 +0.6 +0.6 +0.7 +1.0 +3.4
37 (t) 0.0 +0.1 +0.1 +0.2 +0.3 +0.2 +0.1 +0.3
39 (r) +0.6 +0.8 +0.6 0.0 +2.2
39 (t) 0.0 +0.3 +0.1 +0.1 +0.3
41 (r) +0.7 +0.7 +0.4 +0.2 +0.3 +0.5 +0.9 +0.6 +0.5 +3.4
41 (t) -0.4 -0.1 +0.1 +0.1 +0.1 +0.2 +0.1 +0.1 0.0 -0.1
43 (r) +0.5 +0.6 +0.6 -0.2 +2.3
43 (t) +0.1 +0.4 +0.3 +0.1 +0. 4
45 (r) -0.1 +0.3 +0. 4 +0. 4 +0. 4 +0.6 +1.1 +2.1
45 (t) 0.0 +0.1 0.0 +0. 4 +0.3 +0.2 +0.1 +0.3
47 (r) +0.3 +0.3 +0.4 -0.9 +2.0
47 (t) +0.4 +0.3 +0.5 +0.4 +0. 4
49 (r) +0.4 +0.3 -0.1 +0.2 +0.2 +0.2 +0.3 +0.1 -0.2 +0.3
49 (t) -1.3 -0.8 -0.4 -0.2 +0.3 +0.2 +0.3 +0.4 +0.4 +0.3
51 (r) 0.0 0.0 0.0 +0.2 +0.3 +0.3
51 (t) +0.6 +0.4 +0.3 +0.4 +0.4 +0. 4
53 (r) -0.3 0.0 -0.3 0.0 -0.1 -0.3 -0.2 +0.3
53 (t) -0.6 +0.2 +0.6 +0. 7 +0.5 +0.4 +0.2 +0.5
55 (r) -0.3 0.0 -0.2 +0.1 +0.3
55 (t) +0.4 +0.4 +0.3 +0.7 +0.6
57 (r) -0.2 -0.4 -0.5 -0.3 -0.4 -0.4 -0.2 -0.2 0.0 -0.5
57 (t) -0.6 -2.0 +1.0 0.0 +0.3 +0.3 +0.3 +0. 4 +0.5 +0.1
59 (r) -0.4 -0.6 -0.6 -0.3 -0.4
59 (t) +0.2 +0.2 +0.2 +0.1 +0.5
61 (r) -0.4 -0.4 -0.3 -0.5 -0.3 -0.7 -0.2 0.0
61 (t) -0.4 -0.6 -0.2 -0.1 -0.2 0.0 +0.1 +0.1
63 (r) -0.3 -0.2 -0.4 +0.1 +0.3
63 (t) -0.3 +0.1 +0.1 -0.1 -0.2

NOTES: r = Radial component, + = outward, - = inward, inches.

t = Tangential component, + = clockwise, - = counterclockwise, inches.
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general distortion of the cone. A vertical shift in the radial displacement curve
can be caused by an error in the cone apex angle, but this possibility was ruled

out by a dimensional check of this angle.

In view of these considerations, it was concluded that there was a persistent
error in the data due to optical misalignment and that it was appropriate to sepa-

rate this error to evaluate the cone properly.

The five components of misalignment (with reference to the apex of the cone) are
the three orthogonal translation vectors, the degree of rotation, and the orienta-
tion of the rotational axis. These components were determined from the five
observations: phase angle and amplitude of the sine curves for the radial spot dis-
placement data and for the tangential spot displacement data, and the vertical

shift of the radial spot displacement data. There was some variance in the results
between rings on the cone, and a weighted average was taken to determine the

most probable misalignment. As shown in Figure 5, the values obtained were as
follows:

(1) Axis of rotation = 53 degrees with vertical.

(2) Degree of rotation = 7.3 minutes.

(3) Translation along axis of rotation = 0. 00 inch.

(4) Translation perpendicular to axis of rotation = 0. 15 inch.

(5) Translation along optical axis = 0. 35 inch.

The data displacement curves associated with this misalignment were plotted on
the data plots. The deviation of the data points from these curves is then indica-
tive of the surface slope inaccuracies of the cone. This deviation for the various
rings is presented in Figures 6 through 15.

The rms surface slope error for each ring is tabulated in Table II. The weighted
rms average is 6.4 minutes tangential, 16.2 minutes radial or, if the outermost

ring is excluded, 5.7 minutes tangential, 6.4 minutes radial.

14
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Table II. RMS Surface Slope Error
QOOT MEAN SQOUARE
KING | RADIUE (SLORE. FLROR-MIN.| WE/GHT
RADIAL |TANGENTIAL
) A 3. 65 8.26 4 .68 2/
3 547 445 L6 57
cC 7.32 ALL L/5 75
= /.02 L4.92 366 /.57
G /L. 7/ 392 3.79 202
/ /8.4 3.9/ 372 252
g 22./0 576 478 203
M 25.80 &.04 8./6 2.66
N 27.65 //.25 8/3 /. EE
17 29.50 | 49./0 /099 /.53
TO7AL - /6./6 6359 /6 L8
APEX OF CONE >'%
& 0.15 IN.
A/ PROJECTION SYSTEM REFERENCE
Figure 5. View into Cone Showing Calculated Misalignment of
Cone with Projection System
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SECTION V. CONCENTRATOR TEST

A. TEST ITEM

1. Test Concentrator Design

The test concentrator was designed to demonstrate and verify the principles of

operation of the Cone-and-Column concentrator configuration. Features of the test

concentrator which are similar to a flight model are as follows:

(1)
(2)

(3)
(4)
(6)

The optical principles are identical.

The column is of a configuration which can be folded to one-third of its
length.

The inside diameter of the cone is one-tenth of the outside diameter.
The reflecting surface of the cone is an aluminized film.

The reflecting surface of the column is vapor deposited aluminum with

a nickel substrate and a silicon oxide overcoating.

Features of the test concentrator which are not similar to a flight model are as

follows:

(1)
(2)
(3)

(4)

The structure is rigid and is not foldable.
No attempt has been made to minimize weight.
The sixty-inch diameter is much smaller than the anticipated diameter

of flight models.

The reflectance of the mirror surfaces is less than that expected for

flight models.
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The geometry of the test concentrator is described by the following dimensions:

(1) Outside diameter of cone reflecting surface = 60 in.

(2) Inside diameter of cone reflecting surface = 6 in.

(3) Apex half-angle of cone = 33.75 degrees.

(4) Distance of focal point from aperture plane = 0.710 in. (inside).
(5) Distance of top of column from aperture plane = 11.753 in.

(6) Number of column sections = 3.

(7) Minimum radii of top, middle, and bottom column sections = 1. 630,
1.111, and 0. 679 in.

A more detailed description of the geometry may be obtained by referring to Fig-
ure 16. This concentrator geometry provides an effective rim angle of 45 degrees;

i.e., the maximum angle made by rays through the focal point with the optical
axis is 45 degrees.

2. Concentrator Fabrication

The fabrication of the cone reflector is described in Section II. The column re-
flector was made in three sections which were assembled onto a one-inch-diameter
rod. The rod was welded to a flange which matched the flange on the small end of

the cone. The following sequence of operations was employed to obtain the reflec-
ting surface of the column:

(1) The parabolic contours were calculated and transferred to templates.
(2) The column sections were machined from 4340 steel on a tracer lathe
using the parabolic templates.

(3) The reflecting surfaces were polished to a surface finish of three to four
microinches rms.

(4) The sections were plated with 0. 0002 to 0. 0005 inch of copper and
0.0004 to 0.0010 inch of nickel using the Harshaw Nubrite process.
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(5) The sections were vacuum-vapor coated with 400 to 2000 angstroms of

aluminum and approximately one micron of silicon oxide.

The process used was one which has not been developed to its fullest potential.
Each step in the process could be improved, but the attendant development efforts

were not warranted in view of the objectives of this model.
B. CONCENTRATOR TEST SETUP
1. Description

The test setup, as shown in Figures 17 and 18, included the test item, an integra-
ting sphere with a variable aperture, a collimator mounted on an adjustable, ro-

tating arm, and a wall reference chart.

The integrating sphere reflectometer was located in the focal plane of the concen-
trator. Iris diaphragm openings of from four inches (full open) to one inch were

possible. A 1P21 photomultiplier provided the pickup in the optical sensor.

A 300-watt projection bulb was the collimator light source with the illuminated
aperture at the objective lens focus point. The diameter of the beam coming out

was approximately 1 inch.
2. Test Procedure

The cone was previously aligned to the Cone-and-Column axis, and the reference

chart was aligned to the same axis.

The position of the éollimator was referenced on the chart through a back spot pro-

jector which was a part of the collimator assembly.

The collimator was adjusted to a maximum collimation error of 9.5 minutes and

was aligned parallel to the optic axis of the concentrator.

The concentrator efficiency at various locations was determined using collimated

light and an integrating sphere with a variable aperture.
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Figure 17. Concentrator Test Setup Showing Cone and Column
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Figure 18. Concentrator Test Setup Showing Chart
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Readings of the integrating sphere output were taken at three axial locations on
each of the three column sections, at six azimuth angles, and at four aperture

sizes on the integrating sphere.

A reading was also taken with the collimated beam projected in the integrating

sphere in order to determine the over-all reflectance of the concentrator.

The reflectance of the cone was determined by placing the integrating sphere in
the path of the beam after one reflection.

Readings were also taken of the ambient light level to determine that contribution

to integrating sphere output.
C. CONCENTRATOR TEST DATA

The readings obtained from the concentrator tests are tabulated in Tables III
through VI. Where the collimated light beam was blocked by support structure,
the reading was taken on an adjacent azimuth as indicated by the figure in paren-
theses. With the beam projected directly into the integrating sphere the output
reading was 246. The average ambient reading was 6.

Tests were made with the collimator misaligned with the concentrator axis.
Readings of the integrating sphere output were made at six azimuths with the

point of second reflection on the middle step of the middle column section. The

corresponding radius at the first reflection was between 15 and 16 inches. Read-

ings were taken with aperture diameters of 1, 2, 3, and 4 inches with misalign-
ment angles of 0, 0.5, and 1.0 degrees in both tangential directions and both
radial directions. The data obtained is given in Tables VII through X. Align-
ment errors were taken as positive when the collimated beam moved outward or

counterclockwise when viewed from behind the collimator.
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Table III. Integrating Sphere Output - Four-Inch Aperture
RING  |BB+58CCr50\00H.50/F +./12GE + 50 r 8\ (LL WV | 70744
RADIVS | 6oLl 782| /0. 68| /300| /5:22| /7.32| 20.26| 23.96| 27.65]  —

gl\oo (/w6 /05 \r0/ | fod | 05| 100 | 96 | 98 9/5

7 102 Vo5 | 95 Vo L wog !l 95 95 | 95 | 906
R| 28|&5029 & | 83 g0 | 95| 85| 86 | 87 | 78/
§ 38\ #4650 57 |80 | &3 | 82| 90| 62| 90| 89| 709
NL#2183 |87 2 /00 | L9 |/03 | 90| 98 | 98 | B52
N| 6095 |wz |10/ | /oo | /03 | /06| 25 |00 | 97 | &£98
SUN 539 |39 |568 |566 | 584 | 606 | 529 | 566 | 564 506/
FFrA |34/ |34/ |.360 |.359 .37/ |.556 |.334 |.359|.368 -
w7 434 .0/ 7 |.0607 | 0654 |.0729 | R9F2|./1802 |. /970 |. 2598 |/ 0000 %
W7 EFF | .0/47 |.0/42 | .0/98 |.0234 |.0270|.0379|.0504|.0707|.0956] .3537
¥ NCLUDES 000 w7m A7 O LAL/U/S
ALEDUCED &Y AVERACLE AMBIENT OF &

Table IV. Integrating Sphere Output - Three-Inch Aperture
RING | B5+.58 CC+0\D0HSAF +.12\65 +50H WS LL WV | 7074L
RADIUS | 6€04| 782 10.68| /300| /5.22| /7.52| 20.26| 23.96| 27.668] -

*6|/2 6/ 36 | 5/ g2 | 72| 49 | 38 8 S/ 7

/7| 8 /7 7 | /6 50 | /3 | 29 | 25 | & /6 5
R| 28] 9@ s429) 12 | H | | 24 |4 | 47 |29 | 25
N| 38|47\ w070 9 | 28 | /6 3 | o | 33 | W /54
§ L9 | /0 22 9 | 4 39 | 20 | u 24 | /6 /9 4
X| 60|35 |67 38 | 72 9/ 89 | 59 30 | 69 | S46
SuUsr |88 |2/ N2 244 300 |23/ /929 /97 (/59 |/74/
EFF A | 035 |//8 | 057 | /41 |.179 |./132 .77/ |17/ |.083 -
W7. . |0434\.04/7 | 0607 |.065Z |.0729).0982|./.609 |./970 .253811a000;k
W7 EFF.|.00/5)|.0042).003/ |.0092)|.0/30 | 0122 |.0/67 | .02/81. 0215 .J046
¥ INCLUDES .0/00 W7~ AT O RAD/IUS
A RCEDUCELD BY AMB/ENT AVECAGE OF &
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Table V. Integrating Sphere Output - Two-Inch Aperture

RING |8 +.58 CO+500DH D/ F + /255 5074750/ |LL WV | 7074L
RADIUS | God| 782 /0.68| /300 /522 /7.52| 20.26| 23.96| 27.66] -
G|\43 w2 \/o4 | & | /o8 | w05 | 9/ | 20 8 735
/7 | 34 7/ S8 | 77 | /05 | 88 | B | 9/ 64 670
2835029 29 72 | 77 | 86 | 88| 5 | &2 | &/ 650
38 | 49(37)| 84(37), 57 66 | 56 | s | 30 | 8 | 29 | 486
49135 | & 57 | @8 | 28 85 | 5/ 20 | 69 | 632
60 |72 |99 95 | 97 |s07 (w02 | 8 | 80 | O/ | B4/
SUr7 (268 K54 |4LO0 |490 (560 |524 |4/8 |528 (332 |20/4
A /6F |.284 |27 | 307 |.355 |33/ |.259 |.333|.200 -
wr. D434 | 04/7 |. 0607 | 0653 |. 0729 |.0982 | /509 |./F70 |. 2598/ 0000 ¥
W7 EFF 0070 \.0//8 |.0/66 |.0200|.0258|.0525|.0590 |.0656|.05/9 | .2702

AZMTH

¥ INCLUDES o000 wW7m A7 o0 AL/
AREDUCED BY AVELAGCE AME/ENT OF &

Table VI. Integrating Sphere Output - One-Inch Aperture

NG |BB +.54 CCr 50|00 158fF #1266 r 5075+ 78S  LL WN | 70742
PALIUS | 604 782 10.68| /[500| /522 /7.32| 20.26| 23.96) 27. 64 -

Glor oo | so8 | a8 |\ 10 | 109 | r0r | 27 | 20 9223
/7189 o7 | sr0 9 |/ (/09| 95 | @8 | 920 202
28| 7229\ 90(29) 86 | 89 | 24 | 97 | & | &7 79 779
38|56)\1G7) 62 | 82 | & | 87 | 52 | 90 | 72 692
49 (70 29 97 /02 | /03 | /o5 | 75 | 99 | 92 542
6olvs w5 |ra3 (702 | /00 | /706 | 90 | /oo | 96 908
UM W93 |89/ | 586 (566 |609 | 6/3 (498 |57/ | $/9 | SO46 |
EFFE A |3/0 .27 | 375 359 |.388 .39/ |.3/3 | 362 |.527| —
wr GI3L .07 |. 0607 | 0654 |. 0729} 0952 | ./5D9 |. /970 |.2598|/ 0000 %
W7 EFF|.0/34 | 0/56 | 0226 ).0234 | 0282 | 0583|0472 | 07/ | O843| . 3449

G | AZ/A10 7H

X INCLUDES .0/00 w7~ A7 © LAD/N/SE
AREDUCED BY AVERAGE AMBENT OF &
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Table VII. Integrating Sphere Output with Collimator
Misaligned - Four-Inch Aperture

RADIAL EEROR- DEG.

0

o i

a o

20505

410 1o

VANGENTIAL LAROR-DF5)

o0

05 -05

#/0|-/.0

o |\

AZ/MUTH NUMEER
73
/7
z8
38
49
60

%
/9/
94
20
98
/00

96\ /00
/031 /02
/oz| 88
95 93
/07 /07
10/ //2

93

/92
98
/02| /02
9/| 102

94

28| 95\/09|/0/
&5
92

/051 929

/d/ | 98
89| 97
97| /08
/06| /08

/04| 93
/17| 96
/07| 24
oz 97
96| /08
/02| /o4

AVELAGE

579

598|602

884|577

60716//

60061592

AVERLACE (#4MD-)

96.5

/00

96.75

V7743

99.83

885

AVERAGE LLSS AWBIENT

92

88.75

9325

9/.85

Table VIII. Integrating Sphere Output with Collima‘or
Misaligned - Three-Inch Aperture

LADAL ERROR-DEG.

o

o | 0

o | 0

#06 1-9.5

0 0

VANGENTIAL LROROLE.

0

*05 |-05

#0129

g | J

AZIMUYTH NUMEER
"2
/7
z8
38
49
60

23
98
9z
87
94
97

93| 97
/00| 29
98| &4
oz &8
97| /03
97| /08

o/ 88
28 9/
97 &z
25 &
25| 7]
87 97

/02| 97
/06| I8
97| 95
&z o3
97| /o4
103\ /103

0/ W
/02, 24
93| %
ez|
92| 104
8| &4

AVELAGE

b6/

577579

S0\ 54/

5871590

568|852

AVERLAGE (A=)

935

96.33

9/.75

95.08

2533

AVEKAGLE (LSS MBIENT

85.5]

58.33

E3.75

90.08

85.33
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Table IX. Integrating Sphere Output with Collimator
Misaligned - Two-Inch Aperture

RADIAL ERROR-DEG.

ad

g d

a | 0

72-B 723

#/.0 /0

TANGENTAL EROCICE

a

125|085

+/O0\=/0

g | 0

AZIMYTH NOMEER
6
/7
28
38
L9
24

&8
g/
g8
80
89
9z

88\ 77
97| 22
22| 78
g8 7/
49 29
56\ 0/

82\ 321 98| &5
2 8 83| 94
A 76| 72 92
87\ &5 49| &7
55 0 /| 98

62 Lt

98| &5

88| 6o
43| 83
42| &4
23| A
58
24 25

| AVECACE

528

470\578

JLI| 387

474\ 539

363\ 429

AVELAGE (#AMD-)

88.0

8233

689/

S/

065

AVERAGE LESS AMBIENT

8.0

74.33

60.9/

764/

585

Table X. Integrating Sphere Output with Collimator
Misaligned - One-Inch Aperture

RADRAL EKOR- LEG.

7

g | 0

N4

#0505

WA

TANGENTIAL LKRCLE.

o

+o5 05

#O\=/0

o 0

AZ/MUTH NVOMEER
G
/7
8
38
+9
27

70
47
7/
38
4
6%

| 28
78| /&
J6| 37
¢ /2
AN/
/7] 83

/0
VAN
s /7
20| /2
| 53
7\ 72

76\ 32
27| 67,
29 6z
22 38
33 25
68 27

32 /B
7 37
7 29
2| 23
S 29
4L 2

AVELAGE

368

25/ 236

/73 17

265 242

126\ 147

AVERAG L (440D

6/3

2D.58

24./6

A2.8F

2275

AVERAGE LLSS AMBIENT |

533

F2.58

/6./6

3483

/L.75
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D. CONCENTRATOR TEST RESULTS

The concentrator test data taken with the collimator aligned was reduced by sum-
ming the readings on the six azimuths, correcting for ambient light, and dividing
by the reading of the unreflected beam. The result obtained was an overall ef-
ficiency of each ring at the various apertures. These figures are tabulated below
the data in Tables III through VI. Each ring was then weighted according to the
fraction of the cone area it represented. A weighted over-all efficiency was then
obtained for each aperture, as tabulated in the data tables. Over-all efficiency
was then divided into reflective efficiency by taking the geometric efficiency as
100 percent for the largest (four-inch) aperture. The reflective efficiency thus
obtained was 35. 4 percent. The geometric efficiencies calculated are shown in
Table XI.

Geometric efficiency was plotted against normalized aperture area (the recipro-
cal of area concentration ratio). The slope of this curve gives the flux distribu-
tion normalized by the reflected incident flux, or flux concentration ratio with
the reflectance factor omitted. The plot of geometric efficiency and the flux
distribution are shown in Figure 19. Solar rays will cause the flux profile to
spread only slightly as compared to the image size obtained with the collimator.
The collimator has a deviation from parallel up to 9. 5 minutes compared to 16

minutes for the sun.

Table XI. Geometric Efficiency

APERTURE 1 2 3 4
Normalized Area 0. 000278 0.00111 0. 00250 0. 00444
Weighted Eff 0. 1046 0.2702 0. 3449 0.3537
Geometric Eff 0.2957 0.7639 0.9751 1.0000
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In order to ascertain the effects of misorientation, integrating sphere output was
plotted against aperture diameter as shown in Figure 20. These plots show that
misorientation causes a uniform shift of the curves proportional to the orientation
error. This uniformity of curve shift demonstrates that there is no adverse ef-

fect on performance due to the rays striking the column off-center.
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SECTION VI. COMPUTER ANALYSIS

A. OPTICAL MODEL

For the computer analysis, a mathematical optical model of the concentrating sys-

tem was required. The optical model consisted of the following:

(1) The sun at a distance of 1 A. U.

(2) A conical reflector with its axis common to the concentrator axis
(3) A column reflector with its axis common to the concentrator axis
(4) A focal plane

Equations are programmed on the computer to determine the path of any ray
coming from the sun and striking the concentrator. The computer equations deter-

mine the coordinates of the point of intersection of the ray with the focal plane.

The sun is divided into 1000 equal sectors. Each sector is divided into 1000 seg-

ments of equal radiating power.

A two-axis orientation system is assumed. The limits of orientation error are
input parameters. An equal probability is assigned to all possible values of the

orientation error in each direction.

The cone is divided into 1000 sectors. Each sector is divided into 1000 segments

of equal area.

The incident ray is defined as the line connecting the point of origin in the sun with

the first point of incidence on the concentrator.

The point of origin is determined by first selecting at random the coordinates of

the center of the sun with respect to the concentrator axis. A segment of the sun
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is then selected at random. The coordinates of the center of this segment are

then the coordinates of the point of origin of the ray.

The first point of incidence is taken as the center of a segment of the cone selec-

ted at random.

The surface of the cone is assumed to have slope errors that are normally dis-
tributed about a mean of zero. The ratio of the slope error to the standard de-
viation is obtained by selecting at random the cumulative probability that the slope
error is less than a particular error and finding the corresponding particular error.
This ratio is then multiplied by the cosine and sine of a random angle to obtain the
tangential and radial components of the ratio. Multiplication by selected standard
deviations then gives the tangential and radial components of the surface slope

error.

The column is divided into sections of equal length, each of which may be assigned
a nominal diameter. Along the length of the column are parabolic steps of a
height that is negligible with respect to the column diameter. All the parabolic

steps focus on the image of the concentrator focal point in the conical mirror.

The surface of the column, like the surface of the cone, is assumed to have slope
errors that are normally distributed about a mean of zero. The radial and tan-
gential components of the slope errors are determined by the same procedure used

for the cone slope errors.

The focal plane is a plane that is perpendicular to the concentrator axis and that

passes through the concentrator focal point.
B. COMPUTER PROGRAM

The computer program describes the optical model in mathematical terms. Each
"run'' on the computer is the trace of a ray from its origin, the sun, through the

three reflections within the concentrator, to termination at the focal plane.
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The equal power subdivisions of the solar disk are obtained from the known dis-

tribution of intensity in the solar disk (Reference 8).

The program allows the selection of the maximum orientation error along each of

two orthogonal axes as well as a fixed orientation error.

The cone is described by its apex half-angle, 6, its outside radius, Rg, and the
inside-to-outside radius ratio, Cr. The program permits the selection of the

tangential and radial components of the standard deviation of cone surface slope

error.

The program also permits the selection of the number of column sections to be
used and the assignment of a nominal diameter to each section. The components

of the standard deviation of column slope error are also inputs to the program.

The ray reflected from the column strikes the cone with its surface errors, and
is finally reflected toward the focal plane. The focal plane is at a predetermined
distance from the apex. The program allows the user to consider any plane at or

near the focal plane through the use of the variable AS.

The outputs of the program are d, distance from the focal point to the point where
the ray strikes the focal plane; d/Rgy, a measure of concentrator performance; and
I'4, the azimuth of the point from one of the orientation axes. Intermediate print-
outs, which include all angles derived during the course of the ray tracing, can be

called for if desired.

Primarily, the equations define the optical principle of equal angles of incidence
and reflection, and utilize the geometric and trigonometric functions necessary
to obtain these angles at each reflective surface. The one place within the pro-
gram in which other fields of mathematics are involved is in determining the
second point of incidence, i.e., the point where the ray strikes the column. This

is actually the solution of three simultaneous equations, and is achieved by an
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iterative process. The number of iterations is limited. If this limit is reached,
the program is stopped and the above mentioned intermediary print-outs can be
called to determine the cause of the problem. Also, if the ray is determined to
have missed the column entirely, the computer prints out this fact and the dis-

tance by which the ray missed, then goes on to the next ray.
C. COMPUTER EQUATIONS
1. Selection of Variables

The complexity of the equations and the large number of variables dictated the
computer evaluation. Equations for the distribution of the individual variables
were derived so that, through the use of random numbers, a statistical estimate

of concentrator performance could be computed rapidly and economically.

The parameters that have a distribution of values and the methods of selection are
defined by the equations in the following paragraphs. Refer to Section X for the
list of symbols and definitions.

The azimuth (F) and zenith distance (H) of the origin of the ray in the solar disk are
obtained from the following relations: 0° € F < 360°, selected at random, and
H = 16r minutes of arc, where the variable r takes into account the distribution of

solar energy across the solar disk and is defined by

1.035 + 0.2552 VK
rz =1 _KS< S>7

0.5246 + 0.7656 \/ Kq

where
0s K < 1, selected at random.
The azimuth of the first point of incidence, ]"1, is obtained from

00 < I' ; < 360°, selected at random.
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The azimuth, 7y, and zenith distance, [I'g, of the center of the sun are obtained
from

arc tan X

Iy X

and
FS=JX2+Y2,

where X and Y are determined from X = C; (Xpax) + X and Y = Cy (Yrmax)s
with-1< C4 <1 and -1 < Cy max o be

specified, and X, also specified (to provide for the possibility of a fixed orienta-

< 1selected at random, X, 4 and Y

tion error).

The azimuth of the sun with respect to the azimuth of the first point of incidence
isthen I = I}y - Iy.

The mirror surface errors were assumed to be normally distributed. A close
approximation (Reference 1) of the normal probability integral was used, and the
radial and tangential components of the slope angles were determined as follows

(the value of o to be given in each case):

At the first point of incidence,

6 = (Xp) (g5,) (cos Ty)

and

bt = (X5) (0 5) (sinTy),
where

0° < T{ < 360°, selected at random
and

_ 2.515517 + 0.802853G + 0.10328G2
1 + 1.432788G + 0.189269G2 +0.001308G3
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where G = J-2InP; (0 < P; < 1, selected at random)*.
At the second point of incidence,

ar = (Xg) (0g,) (cos Tg)

and

% = (Xg) (0g) (sin Ty),
where

0° € T5<360°, selected at random
and

2.515517 + 0.802853L + 0. 10328L2
1 + 1.432788L + 0.189269L2 + 0.001308L3

where L = J-2InPy (0 < Py <1, selected at random)*.

Xy=1L -

At the third point of incidence,
6y = (X;) (agr) (cos Tg)

and

5 = (Xp) (05, (sinTy),
where

0°< T4 < 360° selected at random
and

2.515517 + 0.802853U + 0.10328U2
1 + 1.432788U + 0.189269U2 + 0.001308U°

where U = -2 In Py (0 <Pg <1, selected at random)*.

i

X5=U-

*Actually, X5 =f (P1) for 0< Py £ 0.5:for 0.5 < Py < 1, X5 = -f (1-Py).

same holds true for Xz and X;- .

The
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With inputs of Crs Ro, §, and the ratios

p(1) p(2) p@d) p(k) pQ) .
> , 5 +..~——, ...——, the concentrator radius, Ry, and column
Ro ' p(D’ p(M’ " 'p(1)’ " "p(1) :

radius, p(k), associated with the ray being traced are selected as follows:

R = CR R,
(Ri)2 < (RP2 < (Ro)2; (Rp? selected at random, Ry = V(R;)2

1
[1 . Ro - RI]
k = * Ry - Ri Jtruncated* (k 21; kmax = j).

2. Derivation of Equations

The initial reference point for the error equations was taken as the first point of
incidence, with the error ray striking that point with incoming angular components
of yr and y¢. These angles are functions of the orientation errors (Ig, I's) and
the origin determinants (F and H). The ray is traced through the system with
radial and tangential slope errors (fy, i, @, &, 6y, and §;) assumed at each of
the three reflections. The optical analysis is based on the distribution of d, the
distance from the focal point, and the intersection of the error ray with the focal

plane. The symbols used in the analysis are defined in Section X (List of Symbols).

The purpose of the analysis was to compute the theoretical efficiency of the con-
centrator. By choosing appropriate variables for orientation errors and cone and
column surface errors, a distribution of miss distances is obtained, and from this
and the energy distribution of the sun's rays a concentration ratio is generated as

an estimate of system efficiency.

The error ray deviates initially from the ideal ray because of misorientation and

*"Truncated" means that the quantity is rounded down to integer; i.e., any fraction
is dropped.
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is also dependent upon the position of its origin on the solar disk. The angular

deviation y, and its components y, and y; are derived as follows (see Figure 21):
tan I'p = -cos F tan H
t

an y, =sinFtanHcos Iy

tan 'y = tan yy csc(FS+ I'p)

tany = tan? (I'q + I'p)tan y, + tan® (I'g + Tp) + tany, . (1)
tany, = -cos ([p + [y) tany 2)
tanyy = -sin (Jp + [5,) tany (3)

This incident ray, striking the cone at a concentrator radius R = Ry with an error
of y, is reflected towards the column with angular components, in the horizontal
and vertical planes, of A and Ag, respectively. The angles (T) of incidence and
reflection are made by the ray with the normal to the cone. This normal deviates

from the design normal by surface slope errors ér and ét' A and A, are derived
as follows (see Figure 22):

tan 8¢ sec 6 cot (6 + 8;) + tan y,
cot (6 + 6,) -tan y,

tan =

tan § = tan ét sec 6

tan ¢ = sec & cot (6+ 6y)

¢

tan Q@ = sin (A- 6) sec A tan ¢

tan v = tan 6 cos (6 + 51.)

cos2§ sec? A + csc2¢ - cot2¢> sec2Q

cos { = 2 cos 6 sec A csc ¢

n = (tan ¢ cos - tan y,) sec A
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Figure 21. Incident Ray
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n2 4 SeCZy - sec?y
2nsecy

cos Y =

T =180 - (¢ + ¢)

cscl ¢ =+ cot? ¢ sec? Q - cos2 & secl A
2 ¢csc o cot o sec

cOosS V =

u =180 - (T +v).

Hence
A = arc tan [sianec vsec (6 +6,) sin T cscu + tané] 4)
and
_ sec ¢ sin 7 cos £ csc u - 1
Ag = arc tan < tan ¢ cosd sec A > (5)

The ray thus reflected toward the column strikes it at a point determined by three
surfaces: (1) the column surface, which is a paraboloid; (2) the vertical plane
through the reflected ray; and (3) the plane which is perpendicular to the vertical

plane and which also contains the reflected ray (see Figure 23).
The equation of the vertical plane is

X + ytan A + Rytan A = 0. (6)
The equation of the inclined plane is determined from three conditions:

(1) The plane is perpendicular to the plane of Equation 6.
(2) The plane contains the point (0, -Ry, Rycot 6 ) of incidence on the cone.

(3) The plane makes an angle A9 with the horizontal plane (z = 0).

Satisfying these three conditions simultaneously results in the equation:

xtan A -y - z sec Acot Ag - Ry (1 - sec AcotAgcotd) = 0. (7)

The equation for the column surface is obtained by determining the equation of the
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PLANE CONTAINING RAY
AND PERPENDICULAR TO
VERTICAL PLANE THROUGH
RAY

VERTICAL PLANE
CONTAINING RAY

PARABOLOIDAL COLUMN
SEGMENT

P = POINT OF INCIDENCE

FROM FIRST POINT OF
INCIDENCE ON CONE

Figure 23. Second Point of Incidence
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parabolic segment (see Figure 24) with respect to mirrored axes, rotating the

axes, and finally revolving this curve about the concentrator axis.

Let the mirror image of the concentrator axis be the y1 axis, and point on this

axis V (o, /) be the vertex for the parabola. The equation of the parabola is then

x'2 - da (y -£) (8)

where a = (S - /), S being the distance from the origin to the focus.

A known point, Q, on this curve has the coordinates

Solving for £ and substituting values of Q (x‘Q, y‘Q), the value of £ is determined
to be

Z* ={S + Rycot 26 + p(k) csc 26 -
9)

Lo
J RI2 csc2 260 + [S - p(k) csc 26] [S - p(k) csc 26 - 2R cot 29]} F2.

Rotating the axes through an angle 20 bv the equations

x' X cos 26 - z sin 26

1

ll

y X sin 20 + z cos 240,

and then revolving about the z axis so that x = ¥ x2 + y2, Equation 8 becomes

the equation of the paraboloid:

*Actually, there are two roots to the equation. However, the root involving the

positive radical is incompatible with the design. Therefore, only the negative
radical is valid.
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Figure 24. Cone-Column Geometry
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2
[(sz + yz)cos 20 - z sinze] -4[5 -l]
[(J x2 + y2 ) sin 26 + z cos 26] + 4[[8 -l] = 0. (10)

Simultaneous solution of Equations 6, 7, and 10 will give the coordinates of the
point Py (x3, yg, zg) of incidence upon the column. From these coordinates can

be determined the column radius at that point,

py = V2 + 2 (11)

2 ¥z -
Having the coordinates of Py, we can now derive the angles §, 3, and aq (see Fig-
ure 25):

R

£ = (t+ A) -A, where ¢ + A = arc sin[__l_sin A] (12)
Py

Zo Sin 26 - p, cos 26
B = arc tan 2 2 . (13)
S - 29 cos 26 - P, Sin 26
B
ag = 90 - 20 -5 (14)

The ray striking the column at point P, is reflected back toward the cone with
angular components, in the horizontal and vertical planes, of K and C, respectively.
The angles () of incidence and reflection are made by the ray and the normal to

the column. This normal deviates from the design normal by surface slope errors

@r and @;. K and C are derived as follows (see Figure 26).

tand = tan @ sec ap

tan Ag sec (£+ A) - tan (a9 + @)
tanm = tan (¢ + A) - tanZ

tanw = tan & sec ag cos (g + Op)
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cosy ={sec2 Ay sec? (¢ + a) + sec? w sec? (ag + @)
- [tan (¢ + 8) - tan:{]z sec2m} +

{2 sec Ag sec (¢ + A) sec wsec (ag + @) }

sec wsec (a9 + &) sin y cos m

sine = tan (£ + A) - tan &,

[ cos m sec Ag sin 2x sec (£ + A) 15)
K=arctan_ sin(2X+e) -tan(5+A) (

[ tan A sec (&£+ A) - tanm{tan (¢ + A) + tan K
C = arc tan 2 ; sec K { } (16)

The ray pyy thus reflected back toward the cone, strikes it at a point P3 (x3, Y3
zg). A vertical plane through pH intersects the cone in a hyperbola. Simultaneous
equations of the hyperbola and pyj will yield the coordinates x5, Zg.

The equation of the hyperbola is determined from the equations of the cone and the
vertical plane through pyy (see Figure 27):

(Cone) x2 +y2 = 22 tan2 0
(Plane) y = pg sin K (17)
(Hyperbola) x2 + p22 sin? K = z2 tan2.
The equation of Pyr is derived from points R (xR, zR) and T (xT, zT):
x = zcot C + xp
XR = -2p cot C + Xn,

where zp = Rycot 6 - tan Ag sec A (RI ~ Py CcOS ¢) and Xp = Py COS K,

x =2zcotC - KjcotC + pgcosK (18)
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where
K1 = Rycot 6 - tan Ay [(RI - Py cos £) sec A ] (19)

With the above substitution, simultaneous solution of Equations 17 and 18

yieids the z coordinate of Pg:

zg3 = (Kl - Pg tan C cos K + tan C tan 6

«/Klz - p22 sin K cot? ¢ + p22 tan2 C - 2p2 K7 tan C cos K) + (20)
(1 - tan2 C tan29 ).
Referring again to Figure 25, the following relationships are derived:
R’HI = Z3 tan 6 (21)
and

sin M = sin K . (22)

R

The ray striking the cone at point Pg is reflected toward the focal plane with
angular components, in the horizontal and vertical planes, of N and D respectively.
The angles (V) of incidence and reflection are made by the ray and the normal to
the cone. This normal deviates from the design normal by surface slope errors
6r and §t. N and D are derived as follows (see Figure 28):

tan W = tan (6 + §y) + tan C sec M
tangi sec § + tan M

b

dos ¥ = [sec2 M sec2 C + sec? W (tan 5t secd + tan M)2
- secl (0 + 51.) - tanzozt secze]+

[2 sec M sec C sec W (tan 5t sec 6 + tan M)] )
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sin X sec W (tan 5t sec § + tan M)

sinV = - =
*Fsecz (6+6,) + tan2 8¢ sec26
N = arc tan cos W sin .2V sec Csec M tan M| , 23)
sin 2V +X)

and

D = arc tan % cos N sec M [sec C sin W sin 2V csc (2V + £) - tan C] f (24)

Referring once more to Figure 25, the resultant focal plane error d is derived

as follows:

d = f (P11, sin N)2 + (Rpp - P11, COS N2, (25)
I, sin N
B = arc tan ,
RIII - pIIIh cos N
and
Iy = ¢+K-M+ B+ Iy, (26)

where Iy is the azimuth of the image with respect to the orientation axis chosen

as a reference.

D. COMPUTER DATA

After the equations and the method of selecting variables had been derived, the
computer programming was performed and test runs were made. An initial test
run was made with a fixed value for each variable so that the computer program
and its output could be compared to a manual solution using the same fixed values.

This "check-out" run on the computer served to refine the equations so that all the
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angles were handled in the proper quadrants and ensured proper programming of

the equations.

Once the program was successfully checked, ''production'’ runs were begun. The
first production runs were made primarily to determine optimum sample size. It
was desirable to.keep the number of runs to a minimum without sacrificing con-
fidence in the data. Samples of 25, 50, and 100 rays were analyzed; it was found
that significant differences existed at the 25 and 50 levels, but samples of 100

exhibited no significant differences.

Following the determination of sample size, the column size was optimized for the
effects of the sun's diameter. For these runs, all errors were held to zero. With
a rim angle of 45 degrees and column slope of 0 degree for rim rays, the focal
length for each value of rim radius and column radius was established. The.
model described at the beginning of this section was examined in four sections,
with each section representing one quarter of the column. Several typical section

radii were examined, including one large radius to serve as a standard.

Cumulative power (a measure of efficiency) was plotted against normalized aper-
ture area (actually the squared ratio of '"'spot radius' to cone radius) (see Figures
29 through 32).

At the "break-point" of the curves, or that point where efficiency begins to drop
off, power loss was measured for each column section radius, then plotted against
the normalized column area (see Figure 33). The intersection of the curves through
these plots with the horizontal line representing minimum loss provided the opti-
mum normalized column area and thus the optimum radius for that section. The
minimum loss was obtained from the large radius column. The large radius, of

course, is not practical because of weight and obscuration.

The optimum section radii were found to be approximately in the ratio 1 : 1. 16 :
0.84 : 0.482. However, since a section radius must not exceed that of the
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sections above it because of shadow effects, the ratio was adjustedto 1 :1 :
0.725 : 0.415. These ratios take into account the fact that the four sections
contribute, respectively from the top to the bottom, 40, 30, 20, and 10 percent
of the total power. These ratios, then, are valid for all future computer runs

involving a four section column.

In addition to the sun's diameter, the other errors that have a significant effect
on the column sizing are orientation errors and tangential surface errors on the
cone. Computer runs were made for these errors singly. Error values (for
maximum orientation error and the standard deviation of tangential cone surface
errors) were 0, 8, 16, 32, and 64 minutes of arc. Plots of cumulative power
versus area (Figures 34 through 37) were used to determine optimum column radii
(Figures 38 and 39) in the same manner as was done previously for the sun's dia-
meter. A cross plot (Figure 40) of this data provides a means of determining the

optimum column radii for any value of the errors.

In order to determine the relationship with spot size and the individual errors,
several runs were made, encompassing the probable range of error values. Plots
of cumulative power versus normalized aperture area are shown in Figures 41
through 45. These plots were then used to derive optimum performance, i.e.,

maximizing power while minimizing spot size. The resulting linear relationships

between area and squared error parameters are plotted in Figures 46 through 50.

The final seven evaluation runs were made with typical values for each error.
Three runs were made with what was considered the optimum geometric configura-
tion. Errors for these runs were chosen to represent systems of high, average,
and low accuracies. The other four runs were made with varying configurations,
each with the same errors that were used for the average system above. Geomet-
ric parameters varied were apex half-angle and effective rim angle. These in

turn caused changes in focal length, initial column slope, and column radii. The
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changes were not severe, since a relatively small change of rim angle will shift
the focal plane a considerable distance either down (undesirable because of colum-
nar obscuration) or up (undesirable for structural and packaging considerations).

The data from these runs are plotted in Figures 51, 52, and 53.

All runs made on the computer are summarized in Table XII.

Y o
e
T as
T i nwat
1 T
e 11 T I 1T paos
T &
1 T ] g2
ESRi O 1 111
10 ann
85 VR &) t
7 8 o
n;
o i
s T T
e ¥ t et
| T T T T
T
t L. 0T Shydya +
.e o L
.
et 13 aily 1
b '
T 1 T t
I e "
{ "
e 88 Bnwa
s
1
T ey T‘
*‘“1 IS SESANWE URDEERE PRI
e ::i
= +T e p
dguasun: _ & ese iy
paner w T e .
! { ] b
jas: L
et gs ]
= : } : s=8
¥ CA L  ax
. i H ssag 3
A 8 s sou ot
.‘-3 s, T
£ & asasd inaeidl seiR s
B na g aRa 3y
e + -.-'w 8
gus T TR T
1 Tt
31 hn
e T
v anssgan sadses jSut
HOESRAURE SRR 1 HH+H + st
b & 1 T
e 1 peupe 8
T T b
T I
1 I 1
t pe
T + T
T T T
1 1
AT
" 3 e
=e) Summ agesae, AT HoT
} t T e +
1 T I ! .
Nl 0w =" T
v jas : H T+
pue 1 11 duseey T T
t ou T T o > T 238!
Sie :
T Sasmeanss T T + 3+
1 jss anast 1 T T 83
1 yuu B Tt T L 8 An! s
4% BBt T u T T 190 ot T
t jauna 1 vt nud T
1 8 “anay
aaa :
'y » r
= T B )
iad aas o _+ﬂ
jia Fedancdncnan
JuE SNETR FRED T
1B SRESE BREYS hw
s naaR Gl s
t T 7T T
+ R

Figure 29. Power versus Area with Concentrator Radius
at 100 Ft - Column Section 1

65



66

GER 11292

18]
O T T TTIT 2%3 4
& W T i SRR HES
R iy < H t 1 - 1
b ° I3 RisEsel 53 33k asasgss sasalsas i H
z - 3% HEeaEeatss HH H 3% TSCEYS! of H
S Anidi: ] easanl] ;
“ Ty a4 T H - M - ug
2 LR ] 1 g 1))
RM HHY Arwx e gus m“w i 1+ -
: BEHREG i ST SR 2
a: 1 2 ri Rgs : g atss: . ke
R " 1 44 |8 4+
e i S I ! gl T nnrm
$33syana sy, Hr R HH Bt
> 1 I s s st sasatd o SYSS3Y: Tapsesiesd rasssasse
) : gissassafedtsizanoisst SRR SRR nHiE e e mn.w
T » INESNSIEE SORDEERAS 8! e r
O SR RSSRpaseRguySonaangl Eulonanshsnansnsreress Tt ssfigdieg: dtachisty HH 2
O 58 ! SE8gashl rt 3! S5¢ a
1 I ha bagihiun ot nsusdsthi Sophadaddy sy S
G H § g sbap3ssss nadi sagefuli ..m
+ - o - - - -t { o -4
2 I Tt THHH S oY HHETE S3spssticessais: O
1 894 & s3egi5] Sée j3gasse ST 358 g b9
3 S3LigTaast EeBE AL RISIETESE HibT 1 i HETHY
i §5sses i styaneas i i HIHE m 5
Y E3s sresuyaspense e
useng 3 Jﬂ« b8! 2ad PPeagegus O+
$3: s85883seatRssefates o
, it g 0
& " ] pres)
Ba: ERE 8 o paed S
HH H 2 o
i W m
e guh s 00 MW =
: SESE: Iho SITRP IsSeRpsis: S —
£ SEE fiseaqasd it onies )
: w1 oY SaspesyTet sngnsoupen] A O
: i 2s: SEsRanLLe: 3 0
T ees : Ig3es: s8] SIETSTH). EapsaeEt s !
1 S ~ PSS PuRhe Segssage: yud) SESEIEN [dnuged
1 I 1 13 RE Soanh il S dubns 14p] B ad
T - mt jasesnng I3E! dpRoneny N g
: iEn R e R R QUL i o
! B I aamnrs Sasas ket I35 sa=ta O
E H: : e SEahass0a thgzs daces fogreasey it e 2
SEE R R 133 B
: i gerdygesss foee Hidis -
; 1 e ! St Q
, : T e oY
1 1Tt Rur
1 T ras s8ayonssa; jFhascgen
T ¥ 11 8 gea .
e
]
2 HIRT
t pagges o
1 ) - ¥ 4
: : : 2 o
: titr ; ; it 5
) e T 11 u PEYY g
: T =i : Sagad
3 %_u Tanns Sadhoant - s2a 48 t 14 SEEshs - -t
H 3 2 RESES 311 TEER e Ee L agl <)
. SSEE) § 1 1R 1 it T 3 o
R H ‘ﬁr; ] S £
o H : : Lt e fsydisiosrarasas: srtonen I asyns
X : 1A HbE SSEe SRt REe: ER0! r
I GRS BRSS! § +
-
T
: !
T A ¥ i ¥ 1 1
T i i
4 e
BB } 1
F31. 50 SRR aRHEE
1T 1
X : !
it g5t
T
o5, vaEL emam vee - t
T b 3aas. EoE:
-— 1 3
[ 221 :
L) .
S T . 17T T
o H X N
] t H
; s,
.< 2
o i
ne 137
= _ :
T ;
H 1
P 1 T 1 1 ru i =agigendt 8
= b ! stsntate tagkace ]
age:
O - ifoiafapde - <
O ; !
:
o .
s guis
: L
+ 1
>t T H
b T b RS SUEBENEEES U
137 1T b 1 JEUGRESNSURDR RS
Tt HH e e

SECTION VI.




w eg
7
O o o
[ (4]
p -
S —
. } H i it
wi O H e S
- s
“<
a
o} S
a: 3
A a opf
° HH e
: | &
D gigke T HETHEH St
Q e it Eiens 4 S
@) i3 H 1H | <
0 i il 2
i T .
AJ U ._Tr SHHE R MA I Q @
O3 S ety 32 113 O
T - o 1 o =
Hitidi: 4 8 fysscsaseppee 1 59
SeiS b : Rig 2ss2d] par)
i 1 : AR i 0%
o Sve: 193 T aszon usmea @
HHH T i ] REEses o
: ﬂw » o 1 e, v wn
I SEeE3E SR [Ieas selEsbeaststess S reEEe H
L i i Hl st i £ B g
T iy g pq T »
1 [SeShaRs s ¢ g J52 53 m
LT iR R g B e T e i e T M.W =
BT . = 1 T I =1
1 [SESDEE B er Ly i 1 »i [ 9
1 i i : : : o
1171 uBREeS Rt - i35 H A C
128, TR ORI T oo s
E33] ik R R T Sgassrssaess 3
i assoralbee: Betages H3aabi aos: 0w
1R3! IEEES FEESS Fna s SEE 111 11t o . ; H o]
PR c%u 7 it Lquﬁ‘ g aEet : I 0 m
|S ey . T 1
it : HH
E Btk m 52 >3
— 1 3
W,L, [as 0%, o2 l+r1 r —t
sasSikens S8 sk TH o
. b IS HH 3 erﬁ.L W a
_ i et o
15 i H
4 T A
i HH
at EeTesie: & SEk L
s w8, 4 8581 5. ~euwl .L
; (3]
Qo
o8 St
i =
! Eams, e 8 W.b
s
s xw 22 sag: g m.m F
bt + jeaBRas]
' 1 1 I T
4 ” 3 N Ba
i HIST
111 -4
1
1
T
T T T
i 1
B L.
I :
17 1
i
) f : :
= [ty 1 Saixi M
wn 15 T 1 bys: & e,
b ssnvsans T t T +
> i i sasas Pezgbisdusurt: v cunuas:
L a0 e —ﬁ ) FrOye 1 Sunes us}
T g gana, IR
< SISEERTER SeRcAqsstn . RN i
Z B B S i
ta bt - ¥ 1 s
A [RSH 85 ISEE] 22k P
o =gt eafetas 17 ] ]
E FH Jaws ven 1
It T T { —~HH a4 {
T i Hik ;
opEs) M T 1 T 1T :
D i + 1 t 3 1
P 23531 1T jpunagssapsa t
et - 1 1] T
b
M Fots .
O i 3
©) 114 ] 5135858 saam
maps H
] ) HHH
ik g i : M 4
4 R Ll
: - 3 ; T
S| 1 T e 1 b 1 e T3 T e
b 1 3 Iagen bl Fnet
1 -3 1 s 98] 1T T t
IS REDER1 T T 1 1
o e 1 T T e 11 o
T Y TITTUTID T30 1T T IaEssad senss T I . i

SECTION VI.




18] o3 %
o
a - rp ST S s
shEs t 1 i ST Iaie} i3ads o o§asales
v ”wt.r »M »M ‘h.mz MH.L .¢.. it tJ.;HW BTt
[E3e30s Y SR IEIETITEN PRs ket T
m m Besibpbed sabetasast bane i i, B i ﬂmx.
T T 28pes T pu 132323 TorTTEIT

2 1] BEe S + e o e tiattadtib e
ws O i ML, HHHTHET i : 1 N.»m,h‘” :

- e R 5t I3 ISR RN ERRAR SRARE S5 3
Am L H H i BRE s seqee )

2 T Hi 5 T 3 m
Q: i HH : i H netegat e : 5
< Ho IR SR e THH R ! ::mw F <

S 1 SH L R i ” x
w ! St EhesiSHis!

t SSEERES SRSHATITE SURBE SRS QRS S STREICTH
> SRR e e HiE iR R
D 8 m 4t + IS0 8 Wy vm e 4 LT; -4 +mw .1W H r
< T 1 S vedereedite - S SEeiY ﬁ 1 ] 0
P 4 & |1 341 80 DIFRY SESES Be .+ . 1 IH
0 BE3seset faspdassaatet ._m_u it RNt s Saasa et ys sl IR ﬁvm jeagees <
SPR RSPy SRS 99s 8! }4 4% pURBORBRRSD a: auge I -
@) sE38ss ot presqsnens IRARRERLILSEE i 1 &
S d et Sl 8 bandasbath sEEBEARS41 Lade )t B -
U] SERSEIRILES BEastyet saRES L T i1 /o]
Hbai e ! %rwl i 5 <
T 1 T . naye ! [3)
- s » 41 $4- -+ 444 ML‘A .Abo 1 o
H ghysiscsysiyesoyiasersaijuel 11 asgsassd o] m
Saga i 331 Hetre ]
H s it jitsise Os
4 194 JH agaas c
H -y
Nk H iw & v
euad SREaas 114 : 231 W )
T ) o8 T T e PR put
i LI i H B 13+ B Hirtgtid m
11 e e 1 o I (R e jand o]
8 3365 : 1 : T i t:; S3epeicEs L=
t y S8 Tt stnugfin gutendagl #d oy a8gs! T 8 ~ .lo.
b e e e <8
R > . » s H
1 Lt bt i e
3 e Hi " ou [4)] |
: 33 soedsgun ; t SHH ]
1
n
X by
) 1l T - r F
T QO
isaba e
T 14 Sty
tHH i o
- il H x
sans. T
g o
ks "o »
afiumy 11 .
11T 3|
salees: FHHAE o
1 T 2]
M yu
sz S [
aus T ~
_ T 2
% % H bn
. 1 opuad
. § ¥ 1 TH
i 4 ane! . +
b
! + 1 1
T
} :
e
{ T
Fr+ - R " x.“i
a ¢ il +
wad BAE B 1" ! 1 age
1
H
1 sazes ‘sem sa +
L sgass ‘N T
wn HH "
[ Frtrert T t 1 .
9] :a Bt .
Y sass ¥ 3 b §
€ : i :
o T
A 5 Taams HH
< j H t HH
= H
H :
jo) :
By :
= :
o $R5asis it
Aakdgoen T Hrd
@) : 1
H
; 3 e
= et
V 186 1
Z ]
O Sacece: 1 t
—
wn




69

bus

GER 11292

CORPORATION

s

1

GOODYEAR AEROSPACE

31

perture Area

I |

zed A

i

j0E ne
It

1T

65 x 10-4

of 0.

[ETaeye
y:
)
)
1

i
I
T
T
T

(Column-to-Cone) at a Normal

o
Figure 33. Power Loss versus Ratio of Cross-Sectional Area

T
prd B
H
e Bk :
- b - +
Rl 1
1
- I
3
11
i
bl 'e T
‘0
=g 4 T H van
: =
BT s
=ity . W 13T
T Iz H i
]
1 '
141
H 1 ) ) ¢
I )t !
o
T i
' o
¥
+ |
1 N
3
m H4
¥
t . |
ol
in
+ )"
i 1 11
i &
1 L _n “
E oy a8 p! FHH
iy |
w2 1 133 3
; e
> 03
g "
IBEH 9
” 1313
A :
Z P
~ i
1 T
1 T ) 4
= |
- ] 1
O 2as 28 2
N 1 +. 3 1 s 1T
b + + be 1L
* + I 1T
IS 0ad
. o
T 1
1
HHH
+ +
- m :
Hi 1 HHHHHHE .

SECTION V




0 o S
et I B EHHR B H H r T
Q m nr....w.n, : Sseispes i | W“ 1 0
S — g1 i dw B ga s ol fau ot H H Q
ot 1 BB PO t 11 B
@] o | TR : 55 1. iesagas isagass =
o, m 3 R i E
z Ecsisssasst R EHiEE ©
: ; T EH TR
o Bas ] saes riiiid
<: | s 28 t -
~ : “ L Ty - (111 o r
L i tH HH o
> R : o
&) i : i =
9 R .
o s 5
(2]
-
=1
tHitHH w
) o =
o
i g
: : £
L e
5
M X f, ..f% : M
H l- M\ T tH i )
imm i S i o
HHH @
1% T 1T I3 H] =t
) ] L <
el bo wetdugns 0
S g 2
8 H 9)]
3 (] T H S~
. ¢ 3 st eRbna OVb
T * Wnn;;t S
padss + rasgaret v
$id L-aEesab 2
i Sanasater Sloveigye Q
: tET Ay
e
, s <«
: : ®
H ! ; 8588. sesreaies [¢3)
: 355, W.o
=
e
) |
=~
5]
P
— 2
<
Z
<
G
T H
) :
S
o HH
O NG
— T
>
Z 2
O T
I I8 &t ww WH e
E T T
=
wn




[ A .
U o =
g N
- 11 4 . Thered 13 r T TTHT
W — i : HHi i it H 2
t { !
O e 884 Hiiat BT ....w.
. ™ i E
w: O = H M
<: : £
! »
= , CH =+
o: , 3 ©
m -
< S susadises '
E 414 + O
2z Ho 1 -
Q >
O o
! ]
U] gt § 5 i : e
H =T s
” 1 e w m
At -
t - H St
: O
1T 1
: g
] Biisassnstszcast; : m
14 T —
H %
gt m
1+ 1+ f
S R T e e e e T
gt THIES ‘H .WY bt 8 a
4 1 m
=+ <
IF 1451
=]
: [$)]
- et
s Q
] >
1o o ITans ov
i 3 =
hUSA suosh Sanbe subes bui + [y
T iz, e =
FERsgeates S
T 8 T @]
3 Eesyar Ay
1 e & i
: Te)
HHE §a8 SEssest THHT o
qun 1 “ yune o))
L 3 T ASES 1T =
I =
an
o pd
T &
+ +
+ T [ t
L 1
1 + 3.
T
3 1 1 T i & H "
! Pl Sy ans - 1 b I Y e
a8as) b= Shag SESee ] ! isent geasees. s
wn n8 - e T T H b
-ﬁ\l.u g + ans o aa -
> ses 305! 7 N fizeies
— i S } ;
i T
< t ! i a5k
Z if it
tHeH
A 1311 ! }
; Hifid i
o i
_m M rt T
[ » 4
= 2t :
o) i 3
F
¥ -
]
O s Easare: o H
C H-4 3 -3
. Seegapassss : 5k
[an] SQuEl e H1 t
> saRosistes: 1 EgE!
4 iy 3835 ;
pacs ) JEBARESu]
ot 1 T
o Rl i o
[ i s esis 7 spesoes
T e T vt !
[¥%05s 000 sophe Shon! s T
m Liss Sepigppan + ; T
4]




Y
17T
o
gy
H
o
1
L

GER 11292

CORPORNTION
3
1
"
t
1
T
1

0T t

GOODYEAR AEROSPACE

1y : HHH
T

Badis

1 171
et 1717
5 t
1 38
3
114 H
43434 T {
o el -
IR
pEEES. NG S
I H
1HH
iHH H
gy e n
paaazsi faies H
REsdas: imammenss 3 s
H4+4+H b {13 H 1T
A4+ —- H 4 E
Y + T e

TLHTIT 1
I ONESE ARG R RN
PEREOSE EI T
+H an!
a8 H FH
ansa nei H s

41

-

Cone Surface Errors, 16 Minutes

Figure 36. Power versus Area - Standard Deviation of Tangential

w2

b

w2

P

2

Z

<

~

E 3

D FHHT i s S be aaant : T HHE

B ot el

= e e R -

1 1 ! =

e : ﬂrJ, 8 w sEss

C -+ H, N_ |WC Ll Hi44+
. ! s nie] sttt iecns SepRcet g

1 7 b

W P F

— o

B 3

O : :




GOODYEAR AEROSPACE

CORPORATION

SECTION VI. COMPUTER ANALYSIS GER 11292

aiedy
FCRE

[quagus
L4804
[ges
14 g g

sEpge

1]

¢
+
o
T
ne
1
at
T
; e
! B
: i
il - 1T
: T st FEasa ot 5
1 138 Y RS ses ) SO s e 1es o9
ey oy s ud pe Tt ud Spw i s S e e e e 1T
t 3 T EIT b be g ¢
4! Iy 11 98, i3 e S3408 Sogui 8 8500 angd
10 + 1 4 - 1 b 4
T S Seunde: t T T s
b T i s ue 1 :
A 1 { Jus Uy 13T 1 I
T 4 T
'll 18 B¢ T
: i & 1 1]
i H 1 o 4 g
+ ‘Ir i B i T H
1 HERs SR 0 N W .
T B : It HH
Asges Sataseed . a8 asausBiyuse
It
sens e L 3 > T
I b It e
HEH 7 it f
S §5w: 1T s
S sure T but T
L ' pu s — Ll

Figure 37. Power versus Area - Standard Deviation of Tangential
Cone Surface Errors, 64 Minutes

73



Ll o
O o A
g =
a -~ I TETEE s f =+
& = R R if il : i
I%8 631 : 32 s3ERe8ES! B H
O &= SR AT P RS HHL T 338! i
o, H : I IR SRS 2L EETTIEs ISt SR ISasI 3 T T
w: O i s > :
- Hintmgptt 3 3
- t qfeseds faes taydanigss peds Ht : . «
x + ! a8 T B [«H)
< sHH SHE L e e TR - 2 o
RW : T + Sscgttads 20 51 H
&: , SEnE i i T § <
ol IR ioh HHH H S
w 1+ | as and HHHH HE . —_—
E 1 125 PO 1 PE S 444 +19 4 o4
T s 1 1 1 e t a
V- T 8 ipg ¢ oot
D 1 T T O
1 tt e nbul o=t
®) : e -
O 1 T b +H 1 Q
HHHH L g
Q : tatH- so5s 3 0 o
1 44441 o ]
t : 1
1 ssae’ vpas. iat ~
s 0 g,
i 2] &5
] § : o
! 8 a8 ! $t
ST Eases Sy : | s i o
R AR ! 3580y 20 i f ] e
] T H T 3 Gy
sasds §us Sxsastn: :
b E 5
T T A HA Y Hott o b
.y -y
B2s HHEHE : S os
11 oy 1 a a
HHT 3 ot
g SRS &
T G 1 I tt |
HHH H : Pt
Y e anan 4 1 2| —
Jagsas t t ) s6 = 10
H RSN tew wien gt 2 ssllisagdisased n o
8 H
m .% HRHE T . - s [ o
sgnes 2} 81 0 0@3 I o))
: . P jSg e a0 Tei4 C
: i 1] BT I 12 SHEE >3
M I H Pl 11 2 S0} 1 1S SEsaakBesq
B - + n o
ow ua T = » prsaguee
rnxm I T 1 by S f_.v
1133 ] . BE e8395548 T H S H
4+ ! 4 Q
Ban. B335, ] c
et i . g
» St =
i L —~
i i = O
1] H ; o0
, S i, Bl a
+ . i H ! IohheuDeuy
¥ ; S i LR
T ) - bt .
1 4 Hy 11 . 184 2 1
sev.deset Y 3 b BsmEe 2
i 2%
i 1 —!, i % M N H o8 444+
HTR ey v
$~t
i sened
sini T HEthi e mo
1 ; —
T Rgsasad
1 .. 2888 F
3 -+ HH Hser
T I T
1
: |
T H i
e 1 ) 4 -
T . pudi
T B g A
£a58 : T
sabv
T
21 !
w2 1
A _
- :
]
< :
o et ]
25 ; “
T. T : T
& : ;
T
O :
O : , i
au s T +
. - ., ;
P F - $ -
> il i l
T 1 -t +
Rbesact . o
W et tEddisnitcest : e Eical SRS
1 T b 4 1 B
= S .
T b . i
+ p 1 11y +
) e e as ! T T
E eRaRacees samasasas: easaas aat T 1 T .
wn




75

w o
O o
< o
—i
p 1 “ i » 4 4 fll g M“lﬂ*vm t LW .m. m t QIH
oA , i Hit: HEISiEs] Rt Iag heH et
O R a + H ssgpsypens iaysgpgan T
S e
o jca| pase 9! 3§ 35seganed] 3] H
} k- -4 41 - +-+ d{
w: O fiTyiEses i8] ] HEETHT m £
< : : HH s rre it o
T Sos 8 s
2 seagasegasyses 15
Rm i 1] d o}
A 2 : t sesag o sueey gw H —
W~ Hii rxrlirx‘ L WIULU o]
P T Y §E3ES g
D 3888 ote: RS PEE: stdsagelasl m
i i i i T i
O 3 1 ans 2 + o
+ I
O iSs sed g5 bt 1oL Q &
_ o v °
O ] g 1 EHT 1 M~
H ThpE R SSsas, o
NT 8! LRI B £13 0
i (i iR e w i
- . ,r u: 0
: T » 1 [ n
I3 a pu 11 Lw riie 1 O
g O 8
41344 4 H 4 TLY.J - ; oy
H 1 T HH
11 1 oy o
Basl 4 thitinich S
] guuss asud .
g SR 1 3 : ..w w11 X -
1 ) o FOBEE e8 a ot
cHH 11 Befs eal = stgiees 0
HHH L i Hits w !
Sane o} T Hek- 41 j= RPN
e T H HHHT n o
[Sasgsunaede gs: m gdsie i, ~ o
L - s H e AT L0
] ] HEE >0
) 1 I mal i $E3 S35 n |
H : mwum H n
+ pes agn spapan s H ml st
SEEsEE) : not QT
1 1 17
. e L [ent
T % +
i i R R o B
HEE i HEARHE S Boniiit i : v 5
HH ey { i Re 4 bt + W
¥ T + « i $4 0
[Reas ot t " INasung NS he r e} C
pETRpsaa: ~ + T - P
jsana 4 Sasessgas ! Suting ~
IRaus s T > Jlaggtacs “onsna soba |
»! .
I : T e kudacususbolpuns [@p]
) + 1 adal SeRa 11 o 3
Ban
sana _ C T T E )
THEE s EEr ] HRHH =
1 3
T e g
+rr 3 s ¢
I T <w f 1 H oy
T 1 1T ] 1 F
magia 2 H
3 asd N snassd
: ; : ! . 28
T e __ ) s o1t 1 .
1 jans t 7 nan m gy o
de 181 - e jgas
T e jaugs . . I 4 ewne
T B ol et H 1
ss i : 1 . H H sesed
1 Bagsss H
hea 9% 8
: Sagiss e aser T et es g i
P H
H It T 1 ”
m : t p by oo ’ ey gl
75) 7 e R e Y £ Sifataoe: £
b T N 1. 1 1 -+ } et H
ol ! : 3 1 biaasaets o
1 . !
£ _ A Hih. B St
A sags: St 1
Z _ N
- HEA ! M .wwu.i,% i
A 5y T SPRs 2 3% R eed Es e SReRs sEReslgcas SoRstannen
- Hiin b i e i
o : 4 T
= i i _
= TH
RAgE
] : ~
jF2 Hap
Ay iy £
M T+ asann
poknd
Seesgd| Sesa
O saenges ang guone
3 EEgEe s HHEE
© ey b
. PO PR PR RaSa1 — L.
. Tk Emih s i
— S gt stiti intetbadii e MT
2 ass t T s
T 225! i1t i
V s u s Eas. 184 inggnane v%uf;:f - AH 1333 ﬂm
Z gt i eEs! dHaHe
4 ,
O SR gr iR oo i aR ARARE SRS RS sanssn tae: THH esassasas)
i
w2




76

GER 11292

AEROSPACE

2
- 13388 SHHH H TR -
- I puge jlingdSon aisegns » # 1 [+)]
z O Ln; g 594 S E H n
~ w.v_ i1 14 1414 4 ”
¢ 1 1 Hig it i ] HH 5 o
1 SN Li THE IBEse e 1 C
A a T JJL S eI ESRa 53t Ty . X S3231% T
c p o 1} 35 1 1353 ] I
W i i i H HH 2 192128382 IERSR ISR 1
> i N eret HSh 1 wﬁi. Tt iR 2EEeaiaat] 16ve SIRE) RS TR b0 e ..nLv
a) 3 g ebee: u : £ Ui s epsgiiagae qTe 5584 Mt IR .,m.,.w” mu
Tt 1 IRE L EHIE HT 3 SEEREat
O It 41k RS is 1 L T ! 1t m
T 1 o I 3 : TH 1T T
B rhi T b 458 : e e
@) Y ] g HEHISE] Hih NNt TR =]
G o T TS REeEEssExs pagsuTaavy pavsnpeny aspgs 5 pgns ~sos puuw —
: Hte 2382 sEea SE3ad sadtgsaas 1343 3842 58 isaou SERER o plm REIE @]
T 8 . i M TR Sy it « i1 p g o C
i L R R R Hf =
Hit iddisgentne HE S e e HHE r
. IE333 »: TS T T St
I3 t & W H1r ivu Souie yU e 1 xm* - 0 )
323 St H Hida ! $ 122 } D
panes 4 I 314 T 14+ 1 8 &t y 8 0 puat o) ~ e
[t SP3e N TR + L [
i Ny I 1 S o g
1 i HIH e TTeaEEsEnt L SaESH] =
B H SEsce: IRtse it —
S45SHA04 19 BM Y] + iz o a
R i1 t 3
I Eatas ﬂ.. v = n P
EEEaL QA peageatang otats : I FREEsE o
; SEsee e ttatagaget t jraas -t
Jr 1 : ++4 : e M
B3N pss : 1 assiEls be 3)
Sias Paee] H e R e B H - o
R %..r.,.l + b by :h iuﬂ 1,.., tolbesrtds 3 axns 288 & xmynum H S r
5 e Saeiiehactont Mduunagsniocnyuaniasgasedatts jalaatitheata H e tri i m
Fiait T3 mw se1=4kee) .m 1 ) 208 Lodad auned FERE] 8 T4 HrH [4)]
4 o8 Sengebal side H il §s388gte Sk sk
peis: Sesizas. s t LT R A : 1 i TH: n n
T i i R Egas B t L HY ©c 3
oes ST Spgseniiiygeaste i h 14 - N
; Hi i Ht 28) RS O =~
Soo T 5 tpest [}
I : 138 T WH ran; — >
s dpgsisass 1 et o]
H i i
M (1 T ! + -
L T ; g
LRI A )
" AR BEEDE RS 3
it S. 1 n 2]
1. T i . R
+ b b +
e Hiaatuss 1 ey
HHH T 228 .
e s E 1 i %
3 pugssens 3 y !
NN s i 3
T 2g8: T g35aubne v
T g8, an oy g oy 2! ot
+ : !
11 ol I
<. .
IT1T & + il - iy
i + ;
T T T ansga var - T =1 T =
4 + e | 444 +. Vv.
,rw : ] 1 ¢ 3 moud oy nSeet §4 e 1331034
a3 t ) T T s g=gs 2! o T
ST T EE sty 3 Foin s BEseis IRELEEs] SRR SREHE
gt Is : 2ot 1 HND te TR BT Segeisataginasy) sertiy pa st
I : BTl a i 4
! s 3 8] & 3+
3T s 1 sngssl TN Shessety S8y .owwww. 4R Shasd ww i :
114 } Tt et 133 2sess CRSRATEEES F3ast rbrH
e EcHic R Sy i
SDPYA paEwRBS R4S gues T o S2a23 22381 B Mh
+ 1 + A 3 PERS et 13 ‘.qc Hu‘ it sasas
a9 ‘qa H W +
}-4-4 T
1
w2 ' ¥ T $ T
= et e eedi it : I
wn : T 5% swags guus
H s : 3 :] afes Ses
w St T 1 e 1” s I i
1 i P
+ - T 1 T
T
Sl 1 + t §easnes gRsgEsoe:
N 1 e e T L T q»
< : N :
o TH =
: T 1
t 1
R " 11 1T
i 111 T
) 3
= i ] 1
= Beg EEsEEaRaine| ; ! g tH
D SRR Sl : sestadti i, Gl
& SRR 3 T i EERA I
Raatad M faachetiel 1 SHirdH 808 1 s i 1§
M 33 ea BoRE: 1 t e P IR aasE sae: eadasl 5 IR0
dssll + 11}1s ¢ H i e B2 133213
O » W% 4 Bhay SRgna b
o i ] T T
: AT gl il T
g o u i bS8 iy e T e T -y
O et .p:zW i R T A R R PR
.
N
=
wn




O o K
g
-
H414r o4t bt H 4+ 444
— i 1 :
)] [B3asbinpaats 1 ! 3335
- b1 44 - e
0O & S T —
x, = feiits : it ]
2 1 PRt
Hif BessgRssat 1 diseii 5ed
we O i ] i HTE EHIE: &
T
- B ssmpusas H TR
< i iR !
z HhTH S8e8 Jizegatissdatassdss
S i : H [E3Es SeaRs sasepecazs :
a: sait goasiaste Snin i e 1 o
« T Hi : + HT 28 382!
° pasIss HH 15 e R s e TR %
I do Lis PR S I
wv 1 3 W { lwhﬁ»? gt H
RUOEY DRSNS SAURS I m
> HH s tH: R i 3
D 1 e sqpsase It m» X
-+ 1 bt g ~
o igse & Hirts
o) i : e R y
papsyes B2 SppRapESSn: o 17
4 YRS 08 auge o ] Q
1 + a3y 3 b
Q T B TR ey S IsES ! o
asaiifsh Ece ks o 1
puss: 2383508 gegaubs: 1L [ReEssasses . E
1 [aasssen savps Fes jeospyse: pggsse s T I 199 o1
Tt Hyt i HH Sy s e LA shets Basns stage Enatatntsl H
paarggdsy Spedssgsss ponlass: Jogse syt 12058 SETRE Piues So00] SRR 2an s jagepanys: sgess o
paae: 1 T4 agD) 96 [PRPN RESE § SR § pey 3 44
HHi T e e Fseg toghs Foept STaLe Inbas s mwww R EEgE E5 1 o
> t 6904 d9pbe o i bogus it H.m: LRI RO T B Y udage ﬁ
fs 888 jS2323R22ES 1 } tedE H et e =
ji3es Isshéningyseps as R epangpat pd ens! Ranssasnt 1
1 ITHE e ten fods U R T ST oy N ¥ -
T L RpEguy A . !
S 353s23n qipii ERspenanadage: 11 LS BTRRS: 5 o
HiH 8 4Y ! " NEPRRUSRES PR 135 51 TR T e ) o
Seasgpean L;?MZ 1 ! T : M - a2 5 H SORS o vm‘_ Q
jpesas T pana pasas Sansgysussgunnoanyss puurs asens .
tHH 133 §oskasbies s ineneton m 1t is2n se4B S R H0e sERnd zanes s2: Sseltqts '®
G e oy 258 gives Ep08 pooes SN ssgfdonpud g shggas: EeeRBs
pesssasasith] i T R ] 625 3 Sasesits T @)
1 + 4 -4 £y 1
R e e _
- 133 584 1 pas enges ;
1 fusds %n xv@v 8 HEH o
L H i H L i -
+ ST [ THY )
puanfdes gos oy i bt
’ HH T i B b
- pugrae yee FygEons; A
#H sEispietessticy i st
sasa Hre SpePRETE: 4}
H Sa8 HH el =
BASESES! o iy gesisagsa {1 + 1
Easasgqupyassenet ) iy Ba I 2]
| oy T 1
3 i ] SR usals ae > manm -~
1 it ¥ s engnaDER 1 )
pisasgsnssafets H i 5 SEER 8w EegSPRRS >
i l gizes bhge: fus I pade
oyt ) + gy g ount ' St
pagvpasgss paups oy T I3gs Saes 5 1 2
EE E HE £3
4 H O
=+ T -
s SARses snasthsaasiis SagRrees oy
T + 11+ > ]
T T + pum! be
w + 4 w‘ L B -y
T 1T 4 .
3 ! Y : B —
H
+ t =8 H + 3
1 1 e ,ﬁ - :
HNT 53 Shi T oandw y
T T i @
! =
: T : =
T +44-4
t H : o1}
: maan o
H [P HENG T .
i ;: W <]
i i
R et et R
- -+ R4 I g
T E2ieb a2 T : 1 e
+ ot T
H 1 Buas panmmanmasEn ;
Sgssgsagys e e L
DO P ]
i Ln 1
" !
t
T on o 1
! - W w 1 +
1 ju ot : T
1 1 T
0 1 Sss et ssiats _ s ipe
+ T Tt t
L] g T T o8 W,
Yuu T T i
3 b &
1
< 7 .
Z Es ; T
ISUARBEE D 1 T
A t i a8 I
! 1
m :
1 -
Ay 1
1T T H a8t
+
M -t y
ST HHHT 23 T %
InSEni 171
o : e ey it N
O e,
o rmcazsazssasanan: , -
. H H T a2 daasansassasasansrns 3 1
fo— t 1 1 1 1
t
> + !
T
Z :
o :
ot 1 T
£ : S : : ;




Ll o3
UV o =
m 2 4 7
1 H +H 434434 + iy i3l Sugsi
oas 1+ + INURBNI
h $ itz il 1o R
1 Pananhde s
T + % 88 TR3 4y 0090 STSREOR TS FRL sunsa: upan spuns t
1L H H1H Hit H 3 SRS EE Eried haskadess i
€, ™ 5 : S R L
H A JiER HRT TR PPREaRPuS pRuNS aTPes spsas
, 1] 1334 HEr A LTI .*I i
z poni . e 414 - + -+ . -
MH\ G ; sed ] ym 1] sgipie: uWA .mevwm ‘MAH o~
2 iR g o8 T T
T SHIHL : 1 : ot
: HH R e "D
5 H HITHT T ot FHT T ..r‘. H 1 %LLIL‘I HH1l 3
9 i 3 Ianguppii 3 PERRES|
RW - v e 4334T Ly 34 FLI1iy v
< s 3 sses 1 B! H HEHHET ] : _IU\
z i HHiH ssjistizeistenest i
W ‘ﬁsT” H I ape w w H Spe I siugy bye 1
T B rﬂ% 1 % 1 133 Vit . T 1
T wﬁ 1 ] i bEiTgs ssagaianate aw n
m H».ww 8 & RN ] bapng Euned ol nr.fnu .— 1 11 ind S~
e it R TR e R i 3 i o
4423 -+ bug piay a 1 111
T - : =
HiH H X TR
O Lﬁw 5 R T A Py s 1 -
w $ Sadn siges 181 333 : 13 E
G .,.|I HH siages N“ Tl,w‘ 1 ﬁ vYMw, s eIk ; t I8 o
. fiEEals it HHELH t Q
; 1 M ﬂ. XI 8 4T . 3 L AN 1 n
H : g ;m . e s S
: B e m AT O
R HiHHHIET, R Skt :
mansangs o e pares IPepatassasassssexss: h I
T I R S S i e ; : o
: .
septiss: ORI 1 HITHH 1 o=t
1 352 4177 5 pyans S T -
H I T R T | S
EoRE B Ins e BN 90 R 1 413 r H msee as @
gyt SRR eI e B R H &0
sttt e ieatetngiisnilytys ae: i pysesassstapsss s a3t
‘M.:rv”; 3 ﬂuﬁ m‘naﬂ T ‘e JFFLT ,s. QFN < 1 T n
i iEaet IEREE 1 : o aa: pefee saatasatnd sung iss T HAY «
SRt RRers Eady 1y SasReTei etsgpdat sgfuany| o
S HiT EHiE : EE e A
i G HH £ '
hniy % aebqs ;
3351 3 L fasith it :
1531 (b : hagenal i HiH <
1oem 4o
SpERd SN E2ESIEN : HT 't
Eeets 58 jast]iet: a =
ISE2RE: O ril +
B I : w : <
PEPRR N SN A 131
: T 3
t . ﬂf‘“%*x'm Saasaaa n"bu
- s " 1 1 1 B
(el R SR O u o }
jgeasssi sl TRebsidfebels, N R T R fas ﬂ
=Ssd3k: H
ooy ST TN PRI PRSI KL 21 . T H
T i s b guats Pudel Nt I~ T 8 ¢
um T,mw.» WT»ru., 1 3{ L b S g - N >
T TIPSR 3 TRy .ﬁ.%nwl S3s3a30m; : o
o3, it :§ g i TEERN foggacapastact: ')
.r.ﬁv 1 t s t h o : S Sescaseity o w
e Ioog e, joeReg IR, oy 2 REpRS T 1T Py pay
Iy T tiTt e SEaRE S by ! Besgasazsaestsnnats: 3
ﬂ..:w sasddpugy. ! ﬁézﬂﬁ T s 9o o e 08 wm FH O
1 BEIETIE) SELRSERLN] N3l 2 SEsgnassanS et
,Lﬂ -] tana b8! B eeoR il H s Iase feuee s boRt P
. tisfiEst ot beved el Uit tighi ok o803 a8Esaespasyenseravsaal]
IREaE ot T : sh{ [EIH 1 F1t
sisitsatier e I T+ gegsiss :
HER R R e fiecatites inashils S
phns ﬁ.H» h NS VS Foee ; H <+
S SESEE SR TS SRR ETh, vatat i 5238 Janantgs
o H
.ﬂﬂqh.m.u JRERS FRst a5 38 @
L B il s, 5
83 §asia S Et T IREE i TET T
T i s st
4] “id
I} 1S5 gespugunan + » HH £z,
B fane i 3E8: ifpa-at FH P
- o - g -+ !
g% T oe3saen: L
v i niet
1l ’a asd P 2
x et pegeisl sasen
P } Thrifes 3t
+-+ + T * : : " Saange
121 [35 S EEE ASERE Pondon: T
- [0 SOSPE O o B8 bura g § e i E 1
SR T AT PG Y
(224 SOPUE Hon 5o :
|9SR SS9 EERHORY Sen % n Sl poa £54 e
: ,..T‘» ESeiEsasaitaat. | LT H s T
2] i eIt b S SR i
<21 $53 $EE8Y Tetos susauns TR EEE HitH
o0 - i i E SR IR S
2 B i S jea
108 ool T “
€ . L i s i mi
3 HSupnd 1 T AR +
A T 1 T + * rHH- i H
Z i sl ;L
1 T ! i :
A IH Nl«u 1 1 ) o :
- aewiS o iEdns T
R jas. S a0y agank 1 Y
ounuy opway T
ot - IT
) HHE
T T
1t ? 1
(98 TIT
&= jiaseneeid: H13 H j
o) : HHH R :
T 1
Y N &
= :
3 £ TN TS 2
h e uy
1 L - t T s
C 1 = T IRBENAUSAE SaN) H“M !
T P :
- } H sa
~ o . =
Iu ¢ +
N b T
5 : : ! _
— ; : _
e b 1 T M
j . + Hi s
1 T T 1
C 90 T 1 T
E I I ' 10 1T ’ L
w2

- e




E (AN ] N
¢ g 2
I
-
| a - N et e b e e . "
. S og fodus m.r T 22283 §a8s 1 anl 5L o 113
sagay R, oy 148 g9 TH 5 28dyggaaag age ¥
| O R ! . e T T ] T
| e < jses=s Hy vens geash
z poas " =aqeey pssss
Wwle g i mi spusi [de 1t 1 ngddons
, g: i pothr P HE 3
- 11 HE ? Bt T
~ 1 . 3 ~—~
z i I 3 L =~
- ga38 I Hi SN LS o)
A o S35 oysassegsany :
' o a 111+ Pt 11 A
~ wes ol } Lt +414
| w i : eI : <
| *
v_ s 1 H H HHE bt B¢ st Foae) iR T ~
D HH snse 3
O H SeYircsss progtstas T : )]
Rans g SESHs o . b o
1 Mu SHT H 1 mO..
@) HiH - f L 5 <
G - 1 t <+ T akbei ) T " ™
{14 x*_. 3888 ST 1 T 1
j o ]
[sanypasay sans:
SHTH SR T T )
w‘~ n
esud Jude: : )
ynag ety sedyntus:
piensanddd Fudan 4 as! C
T T i T
;: R syaas 3 —
TEHHT ! > H .m
Eagadncgiide: e
pabeatipalaubaily s seens <
1 Ky HY
gevilial bR ; =
o 1 u o T T 1 H
pee s Tty 158 s8 9 ngan: £ 1
HT ! egasg
4 44 -] 1 4
[pess vae T § T a
! il 4 + m
+ T
& ! A
s agge w
- 1
s 228 a8 It H 8!
.., aasgey - ..i..tr w0
: ih ‘BEB I t 1 't gissueas $~
Iahas as H 4 HHEE asgegqass L
mh L m 1t 288 125 3T jge >
et H t > R3S35E 3t SERResve
t anasi rH 1 13388883 senalifie $—t
. msrassan gus i 20933 1aeRs g )
g6t raes : ' 8 sgbyeiage: o8
T man. seu8 T e tongsus
18 THEHH it b Hxnt'r. 3t
8. saNa 1300 s
1 S : 221 - 12t o
B i . i o
¥ HH Raa ey Hoe
< =} 35t
agu .
1 S BQ RBE!
: L (ap)
T 1 ] 4
" ¥ 3 * r
T L i e
1 L T 13 sqagens $~
o T : HH Wb
i " » 1l opd
> > ﬂ + M 17 F
56 S8 1 : ; nsegdases
s s " 1
4 + + " T 3 agRpsay
W t 1 £35s T t dssgsasy, JEEgdfss:
% o
Sesadsgd T
— fire T T aaas: hEs
IS8 7 : 1 " Ity L
T T o ma: T by
¥ T t kot
t - HHY !
: : T 1 H hds
s T s sge
" t ; aasat b H
=i ERETE 7 rH ae SR ea S aed Foras HE §ias
w2 Eas o8 0h0e - 133 S3gagaanegsanyy B3
T 08 SAN: 8 + IR
e 33dase: t HEEs 1 frH
L e feseyys st S
iRREtes HET 388 jsss
< jiiss Higic: 33 !
N . 3g3s1e sugssnse
33! °F thifgs
< a5t o s :
-1 brt -4 $-+ 4+ . b i
b ~—t
I F et -4
R = S5gaagua N L Sas
E - [ oud dnnnt H 4
- t 1
T T T
1 h 11+ r+4
U t 1 4 ﬁw Hiit
T aen j83g2sgsge
H415+ jgegepapen
P > HET wiiot r..w.avrw‘rxvn
M AN 1 : e 1
LT -, S HHTH Hith iy
®) ! PR
4 ST RS
@) HH H thriherd
! M 4» [38d S08e
- i
N :
1
Z i
O - yui REagas: hog ol
e sal HirH 1 t
=
wn




AEROSPACE
GER 11292
80

CORPORATION
It
T
T
i
T

-+
T
t
:

e

jos
THeSE T

jedasstes
The e
Sanunsel

jRaSaggus:

“.h...—.;r.{

et
o

1
T
T
jun
T
| anndy Supes nmnd
ey
1

Jt
tt

o4

W e L i

x il i
o i R R i

O r }n,,ﬁu suandilg) “.Mw rwm W ¢ s
) S s i 5

)
=]
p
0
=
o]
} ]
~
m
s}
e
8 3 e w ; H L O
s tH jege: Higsis i 3
H S B i rhitt EeE i s -
Sysasdngst ! 33 TR H 1 )
i 8 ceecisiess a1 aTEqs sRERALaTNS -
Hitim g < L
i BRI AR | =
: RS st ! jisagsasases. $Eake R A g
i Sists h sl I it
B 38 TSR R aEs SR AL €8 i 2 L 2 S
aeadided BRativ ivthiaceqobiyydes PNY | i H <
Bas) ! : :“ﬁx : I s ﬁ, 8 H T
HIET R A IR lenmm PR 3
ORI, LE TR T4y e sdusaiegysesgequigs e t .
trH T ;n :% 1 £
iRt S . g
TR AT T Fi3oses -
i2ste B dn i ”..Tn e - &
e jeapt Fot g
1B i .. <
+. 1T
[Eosgaoysadg 1gnse. s T nmmy , 0
rEARE = I5gaEgss : =
agua s i1 ¥ " 0
CH 1 1 Sasgidstst sepststhl { gassad) sespssuey T o
fetstescases o S T e T HEH £ o
. : it i1 pany H b H nhx* : g >
o s ST t
g y r.mu 8 i x#_ )
i : i ezl ppped sk A s SRS il =
- ARG 3 Bsshegrespisesesmags : b3 128 o
1 T ggrapasan: 8y u 1 TR
) : £ SRS i) o
1 H - N Y
FH - HetH lrw 31 134 .
+ o8 1 t <
e H 1
. ENNERHTTE dhiind «
S Ht
Es %) Vs ' HH o
n {1 T ] negs iandne - [
T 1 1 moqna - . =
~ N S84 R0
N ki 2,
I : { H REE e ol
8, Vi geik IR §3383es B
i muw » 198 ~aaggares]
o 1 S : T «m ..qu E”mw nMIAL
I L anaEE
; T t e o ARauE RRuSS sypsggagan T
L W i
T S5 T o 3 IEEAICER g 132
L £ T W mrw. l..iH w » ' 4
SapassRans poes } poasuse i auew
e i1 = Hy RERRTSE ¢ !
! : e H tooun gau Hoie
H S ean aus ) H
1T .
(2] T ik, : £
— |8t T 8l S83222220 7
: Saend
L NESw i wunxi
< T HTRHEL
Z R
HeHHEE
~ ! HHHEIE
= : B
b *
Y trd
= H T
) ? 3
o, 98 ﬁ agoeyiyifassgsses
y : 330338503
M 1 1 T THH B
®) a T masanens sa:
faas 1 P
S8
@] 135t : : : s i isiiase
N
=
2]




GOODYEAR AEROSPACE

CORPORATION

SECTION VI. COMPUTER ANALYSIS GER 11292

IS8 RRSY T T 17
THHH H
T 1l a
SaSttiEl Hi :
4~ 4+ BN BB LON -
pegae: ¥
pos spadl ag ey y e
o i Lr 1 2 il
58 ADSRYY  Jguaseny o
T 8 om » 1 T
¥ 1
iSEguny ignen A =
' + SR SRB”
L !
1 austEheey gaua
5 1 Senp
- L 3 £
i .t o b
H i ; o 8 duli
1
H
1
? s
u S, 4l ign
i
3 T
i
i T 1 T
bi LT
38 s
[
H
H
H
: ~ gl
H i R H IS8 {nes i :
+ ¥ t + b
111 4 [ T T 11 1 ] BAEE ;
1 g I 1 111 1 15
5 goges T T o]
s +
« 3 1] ! [REa3 IEels
8w  gus 313 gauyay 58, T ipagy SEaN
B o 3 1t
128 geasdans sgsaasas 1 s
Sngls 35948
jsan suidd
L spas
i T
sdnus i
S pat T
t H a8 Sunes 11t
i e sgied peliddensy sargs
T pegayas o8
H i ian s Sg et Jon Saias valee
1 i ! LR ETIY
1 ipeae s ogRg pou s sso st Mpe
L I SR DY BRRYP SRS PR
7 L e et
tH] + ; 1 T =3 I3 T
=y T { 2% BPQEappeEl SyanEat o
am T * e ' ooy ue
H H ! IOEg s pugad sat
ananets + H o
T : T 1 t B 1
1 * : T
0 ¥ T t IR2 18000 rasTE BT 101 133
1 4 1 " u8 intgs ganaassass 93 T 15
rnabe Bu s 1
1 HH T ¥ H + I ]
0 = == ans
C T T jaes H h
DT 9 Sytog i 3 o
- 3 H 1
2 8 gunt szégpinsasuas H
11
: R st H
1 SSRaRNny oe i 1

Figure 45. Power versus Area - Radial Column Errors (a,)

81



|
|
Ll (2] o
U @ 0
a o
p —
i T T Lftxt#: pH 1 *.2,:,. 4 It
7 sl ;
O R 1t : I po0s Soa ” 1
ESREeoRy svEsuSeug SRase PUNES I
x, M R z3d
Z L } + -
TS pi e e e i
B b Eabivaipts e
- S e fsitiaisisns e
- b egs SEERE), Bt LA e SN san T
T ot oape el HRREYEL " fassqpannt o = 1 HH
~ 3 . ‘.
R z S S20 rovhs RA3) N ps e ¥ Lyt 2]
T Y 183 ppet H 13 I»
Aw fos RS 1 1 =
21 bt B4 o e T
wv 14 3R WAJ.P it i : t 1 T m
i jesnEgasytekts 1 §338) Jygdsaasi Sxpayed
v. T SEUDS TSRS SEu R " JET S
3 H SYaaIsERE STl : o
: hesgsates ISH sl
> : g i 5
e 1 : pees HHH
: 3 HHH
o] il R HHH m
2age: poge:
o) 2
Wi . =
! V) t : «
4 : -
i 2ans s o
o« R
H FHHH )
H iae § e ensss opd
ey 1
B H : : H ~
Eot 33Eesgsr sy 1 5 HH @)
IS T foaat iBans 1 anw
L =Sl Selle T HH |
; s guoel SoRH H
» JORS S BavEE BOPe: 1 une
i R i N
T : jasyneynes senys ess. : T o
=5 ihianinhrhy e H e b HHH o]
s S PaTsg paey sevsayiys 'S : ! . HH T bt
44 il diptl ey P ¥ +
piiasspantigpiaionhs i Segepan s 155598 Ll
1 13 284 T T T E
hiog L o 15 S
z $ it T
s 39 5
431 Maeh Spuld ragsd paut sysd n
1. b SO T
3 i i 3
. 3l r-d T
BatSsannnanatsd . T 1 2]
Eisesgnminvaely + T ~
1 M.w mw_‘ HREHT Q
sty 328 st & 288 ; >
QL” .wmu 33 : pod bas ses THHHE «
R t S i banet =, 1o0Es : P
T t
I?w “m;v r_»yw qm - T nguaN 1.“ [
; oo H
Lﬂf : T + o+ A
it : : T
d- p ot 4 H + 9 .
e Jeaiatass tH s ©
i X1 1 e a3ass . 'gaynbiss:
S3an, Bl
T puss S rirs
T
t St
Sy 5
mm +
=1
T T TN x‘\_r
maguass: E T
: I I3 3
T 0 By Y - 3
! 153, Segansadeuta seu: t
T ; + 1
T Tt HH T
Hh i 11 ma e
e .
; i H T
SR H B HH
" o8 N poa.
+ o I B i1
o8 nawT i tn o o
IS0 S + ru g 13 IS B8
T )\ 1 T -
et F Pan s + o
e odadsawasbs : HeLH
A SEERS Sunnnaasus cxdmnes: :
gt oG nssa sua: T
s S i 0~ « -
T T * bandgat
T baad hudus Sone o 1 rIity
13 5279 - by apuiBedahs 2 | vdgunag ngpps na:
w0 : N H S R H
- 3 e
P ; i §8Ssa3h: 1, \ERTERRELT,
— ! a5 seEdaciiasigatanta
A = H- T - 4
¥
j8 : b
2 - : 33333 TmagEspngaa
'z, pusasusgy 8 sasga: T T : TR ;
AR S SEEHE shy T+ b + t
< m. 1 Passes & HREER J : “
- {
(0 1 HH i ; : tl Hort
B e b T 3 s ries
& i L i TR
= 11 1 b THH i I
il : e THT T
: L 8s 1
o a5 i8Eahi fE30e a :
Ay T Spggaazan sanws o .
B e gt
M ‘ j& o81 nan 1 1
— A 3 +
Q hows o2
$4-- 1 1.
T T
8 4 1 ¥ 1
3 111 1. 31 1
M UNSE SANaA AN o e
= Bocs sased pel it T
t N !
o : : ot
Z ; 7 ; -
® B et SesEssee st aEes
—




18] ()] (2]
O o w0
g N bbbt . T e Se featesasssazensener === comasenss: ya suses -
L o | hhay b " guas 33T T DR T T T 1T 1 T aps
Q H ST, , bt T
i yds| 111 1 H B 141 - saedn
S HTH T nlsays adan :
O & H : 55 , 238 s 2gfics
4 4 b b 1
R Fl E 1 T + I 13 1 Tee
T » S o $ 1
we & i P ISana SREelSnauE IRSRErions 8 =+
A - H S pdadest T : 283 §esa s HHHH )
I totrre e : .
2 eaissseds iassiasss] I H
x: } Hide H o
x Sa e 8¢ 3! [
~ H H
m ° _ﬁ:~ o
1 R
Y M “H : Y. w
1 g gnd 548w
e 8!
Q . it ot
o) g t ] o
0 ﬁ i O
) GHHH o as ins. HHH —
253 edise
] 5 1 H m
1] = .
B g
ane HE :
i Histin HH i )
(i1 H b e I3 50
8 A ageq fesat mw
f br tei b R m
! : HERH T e t s 3 —~
it sifssdifs t ; m
§2 i 2 ; HEEy !
s3iEgtss. : Hipbopd
133 as wl HH o
1o r
T +.
b T T $85s] tagEsEice- - dasasess
rHHETH b5 %m 335: fist T HIEess: m
—IT TR
s H L HTH .mﬂ i1l J* pis ﬂ”.._..
M } o +
B . s jev sengs
EsEsR i HENHEHTE 2 gy tise: ~
BHin o Redsgas
i T ST HER T 3. H n
ssakaigts s H M aged muu
H 3 s (33} 8 S
HH e o
258 FlJ 15541 1 t sote »Iv o3 nmm >
S i ; o
T 1 1 e
T
433
! Fedsts
2 $iaatiihe .
R L=
=s T
| 5 L e
H o
i Sasagen S4B o
: : r $ P TE
fsgaes iz T 5]
= s
iF ¥ i
to +
, 25: 538 3t
. pate: H tlpey
T Tt * Wl .«|m Pl
= o8 : -
: g T
e . |8 &
1 T -]
1 S HiGE it
T S eaes 8oe 3228 y=e 2T n! ] [ Ese
Hi ; 1 14 38 hu
2 E : HYY- et
S o I . u hd
> 1 : i ol gplitliihy
ma) T I o, . HM Teis
| : 551 qugeaves: 1 e b
1T i iaE puosy b IRSY 8¢
A 28 k1+.,h.d o o iaat! it
o P
Z Pyt Hie s8I, i
< 5t ! T Ri4 387
% Sesmaagsal j3ts: Hiss e
B3 T TH
e
= ja52: Fog HiH
[l H T bRy e
() j3 ¢ it
ane sy M
3 138 & 55 TSI
Ay r 3 R R
p= 3331 JABRARRRSRIAITIIIES
o T uﬁym B
352 3 T i [aSsset ISEEEsEINS
O i T ST w R rirl]
T T T TIF PS8 aa80a 00 e
1 11TE g Savad F.vm s H
. : iR i sl HHEE
T e s * p
N i R s
882 sasassatss
Z, R RS
T 393881
e T : T SRR
} ' T T vf N- e M‘Q ”
H 5 ; “w. tHpEE
r 139’442 AT
r seias YHHL.V ”
C ! iudes o1 T
a A taaiar: 48209 pasasisntasesy
4]




- AEROSPACE
GER 11292

GOODYEAR

COMPUTER ANALYSIS

SECTION VI.

84

hd HIIT I T T 1 1 e
k0 B¢ « i1 . 1 3 i .
1 i 1 1 HHE w 1 wf
asss syRas sgsa T
+ fee 3t P51, iepses
Rasd
1] HH rxx 1 o
11 M b i
ppeegass ; yres T
! : H 1 afasey m
T i T BB RS t
REUDEDN Frite s aeFene) I T o
1 H SR EESSENE b 35 8 I t r
HE SR 3 LR T s HiEes esasaats ~
1
1 TH0 T H
PR L R HHE : m
H T o
fout fish) yedd | Sasd
Se0t &1 [Efespscasic raknadheds. §asssis trifii e L o
ot T bR ¥ T aganea
Hirokin: b m; Hity F T I C
808 SpdErduph beusd abusdasd RN et T
: 3 :rH L + -nIm
1 ;m.m prpasiful fungudsy. Andugd s e paes Pl
! HHH ! rmJ_ij. HiH b1 o=
T + 1 J#.L# P13 T o ¥ r. o
: T T 3 ngs
s b R E R i q
g sy - T 1 =gy R
} 88§63 Yeuisgead
} !
b
H- (Y]
as —_—
ft
T O
et
$—
HOE =
ess  Sasspayy
- em. | TS TR w0
" r 1 o
8 suvs 7 P
ti ! Q
£ T >
3 g
T ﬁ.ﬁ a
3's f H eagaass w
T = g Eegg ~
-] E Htthegde e it <
] 1 t T
£ 8 1 3 .
sagsqhsay 9l :
3 r 13 = [ee)
HH ] i Anank <t
T
e 1
$a5xas i thir @
oo o Bs +¥ P
£ SEEEE" {EtSopLs -
, n‘m_ Hih B
A sl
1
B H- T b & BEE
1 11 T T 1 1 SRS
4 T _- T .nxr.r.:
- — 7
5 f 1F b B %
}- 4 SN
b 1T
. 4+ 1
S3RRe 5.
i
H Lt
1
Bs!
: or
1 i
T+ T T .uux 1
T "
T HrH
H I
bgs s
oo
s T
1
s R
anu H - fuh...
Expunam
i
i
++4 4+ H4 -
seas t
HTHIT f
+ H 1 H e
. 1 T +
[ T : HETETT
T ;
] 8
e urd nfel L
|SRADPRRRS RS PAN SHRENSEA RS DARAS AAL




85

1
3
1
T
1

L
1

Ll o3
U o
g « ; " ; T :
p — 1 mm m 4 1H L 3 yEnae ol 1 Hit
S vl 1 3 3 o 1
v
H H 1 B4 t
O R ! %m mnug H T
x, A e |
z % Snon 1
w: O : HHE L H
b4 r HET oy
< HH i i 4
- 2o : . + + ¢
r = 1 1
2 5 FEHtiE bR s AR e FEHE T
s ! . I ittt 173 e &
3 T 113 11T Atnug dlnganed & v
<: b dHEHH I S -
3 8. i3] Jaseanas: ! e
[TV g BT $28! 1 yas2ce : T
8 g s 1 T T 8t »
z gsasass : i 13t
3 a8 gua, T 11
D 1 v* W\w B H ‘a»lﬁhr
O M o :H 1t . 1 L ast
I

10 vmlw 1
4 T T 1 HH
1 T R ;
T Inuna o T )5 IRAY NeEREP] T e ] T
{ 1 Ieps S HEETET m» a5 e
T R HHE 1H rm 1 Segus s 1 1
i i e SRR O e i
! s Ruo
T lunn e 4 ?rmw 0 1 . ol T T3t . H 3
jpeds NS NP REEy by i 1 .
1 ¥ H + H i1 , 1 »i sas
¥ HH 411 F A4 TIT- T m 1 1
1 b 1 H le jugshunay 1 13se e us & :
4 s 1 88! T T 1 ¢ L t
HH aas amn T T
B T T T
I T T 1 T T nEsRages %80 B
page; —HH3 i daas ¥
T ) »y b
IHH =8 1 + it
88 as aSBgesEsesges: . P
ppomy: 1 na . 1 I
5gg §t segRsis! m,ﬁ. T sus 1
H g s ot ey o
» as THIH H H
yans H gussuAuRe T HHH 5
" B apn e i3 HH

11

gese

e

et

O
b
au
we
T
1
Tt

i
&
pe

I
-
T
11

.

»
'y
1
T

{

¥

ATt

g
ey

s
ARETEH
i
1
H
H
I
1
T
T
o
3
}

jage:

M
i
t
H
-

1
e
T
be
15

g
5
;
;

+i1
peas

(SO PRty

[RegeN
IR SPUSS o

T

ask

H

H
1

spbed Loty

[EEss Sass

b & e

3
FH

Figure 49. Area versus (Error)2 - Tangential Column Errors
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Figure 53. Power versus Area - Apex Half-Angle of 33.75 Degrees
and Various Effective Rim Angles (B)
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Table XII. Input Data for Computer Runs
W
Computer Run S ] Xmax | Ymax | %0 | %6t | %G | %8 | % | %6 P1 Pa b3 Py Fig.
No. (Ft) (Deg) (Min) (Min) (Min) | (Min) | (Min) { (Min) |(Min) |(Min) | (Ft) (Ft) (Ft) (Ft) No.
Column Sizing
10 152.241 | 33.75 0 0 0 0 V] 0 0 0 10.0 29
11 144.803 | 33.75 0 0 0 0 0 0 0 0 3.12 29
12 143.813 | 33.75 0 0 0 0 0 0 0 0 2.21 29
13 143.374 | 33.75 0 0 0 0 0 0 0 0 1.56 29
14 143.112 | 33.75 0 0 0 0 0 0 0 0 1.80 29
15 142.934 | 33.75 0 0 0 0 0 0 ] 0 1.40 29
20 152.241 | 33.75 0 0 0 0 0 0 0 0 10.0 30
21 144.803 | 33.75 0 0 0 0 0 0 0 0 2.94 30
22 143.813 | 33.175 0 0 0 0 0 0 0 0 2.09 30
23 143.374 | 33.75 0 0 (] 0 0 0 0 0 1.70 30
24 143.112 | 33.75 0 0 0 0 0 0 0 0 1.47 30
25 142.934 ) 33.75 0 0 0 0 0 0 0 0 1.32 30
30 152.241 | 33.75 0 0 0 0 0 0 0 0 10.0 31
31 144.803 | 33.75 0 0 0 0 0 0 0 0 2.43 31
32 143.813 | 33.75 0 0 0 0 0 0 0 0 1.72 31
33 143.374 | 33.75 0 0 0 0 0 0 0 0 1.40 31
34 143.112 | 33.75 0 0 0 0 0 0 0 0 1.21 31
35 142.934 | 33.75 0 0 0 0 0 0 0 0 1.09 31
40 152.241 | 33.75 0 0 0 0 0 0 o] 0 10.0 32
41 144.803 | 33.75 0 0 0 0 0 0 0 0 1.15 32
42 143.813 | 33.75 0 0 0 0 0 0 0 0 0.81 32
43 143.374 | 33.75 0 0 4] 0 0 0 0 0 0.66 32
44 143.112 | 33.75 0 0 0 0 0 0 0 0 0.57 32
45 142.934 | 33.75 0 0 0 0 0 0 0 0 0.52 32
Column Sizing -
Orientation
1 144.073 | 33.75 16 16 0 0 0 0 0 0 2.45 2.45 | 1.775| 1.02 34
2 144.484 | 33.75 16 16 0 0 0 0 0 0 2.83 2.83 | 2.05 1.17 34
3 144.841 | 33.75 16 16 0 0 0 0 0 0 3.16 3.16 | 2.29 1.31 34
4 143.586 | 33.75 64 64 0 0 0 0 0 0 2.00 2.00 | 1.45 0.83 |Input Error
11 144.841 | 33.75 64 64 0 0 0 0 0 0 3.16 3.16 | 2.29 1.31 35
12 145.610 | 33.75 64 64 0 0 0 0 0 0 3.87 3.87 | 2.80 1.60 35
13 146.259 | 33.75 64 64 0 0 0 0 0 0 4,47 4.47 3.24 1.86 35
14 146.833 | 33.75 64 64 0 0 0 0 0 0 5.00 5.00 | 3.62 2.07 35
Column Sizing -
Tangential
Cone Error
1 144.224 | 33.75 0 0 0 16 0 0 0 16 2.59 2.59 1.88 1.07 36
2 144.441 {33.75 0 0 0 16 0 0 0 16 2.79 2.79 | 2.02 1.16 36
3 144.636 | 33.75 0 0 0 16 0 0 0 16 2.97 2.97 | 2.15 1.23 36
4 144.831 | 33.75 0 0 0 16 0 0 0 16 3.15 3.15 | 2.28 1.31 36
5 145.004 |33.75 0 0 0 16 0 0 0 16 3.3 3.31 | 2.40 1.37 36
11 144.950 |33.75 0 0 0 64 0 0 0 64 3.26 3.26 | 2.36 1.35 37
12 145.318 |33.75 0 0 0 64 0 0 0 64 3.60 3.60 | 2.61 1.49 37
13 145. 653 | 33.75 0 0 0 64 0 0 0 64 3.91 3.91 | 2.93 1.62 37
14 145.967 | 33.75 0 0 0 64 0 0 0 64 4.20 4.20 | 3.04 1.74 37
15 146.259 |33.75 0 0 0 64 0 0 0 64 4.47 4.47 | 3.24 1.86 37
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Computer Run S 6 Xmax | Ymax | %9r| %6t | % %8 | %6 | G P ] Py Py Fig.
No. (Ft) (Deg) | (Min) | (Min) | (Min){ (Min) | (Min) | (Min) | (Min) | (Min) | (Ft) (Ft) (Ft) (Ft) No.
Zero Error 152.241 | 33.75 0 0 0 0 0 0 0 0 ]10.0 7.78 | 5.56 3.33 |41-45
Radial Cone
Error
1 152.241 | 33.75 0 0 8 0 0 0 8 0 |10.0 7.78 | 5.56 3.33 43
2 152.241 | 33.75 0 0 16 0 0 0 16 0 |10.0 7.78 | 5.56 3.33 43
3 152.241 | 33.75 0 0 32 0 0 0 32 0 [10.0 7.78 | 5.56 3.33 43
4 152.241 | 33.75 0 0 64 0 0 0 64 0 l10.0 7.78 | 5.56 3.33 43
Tangential
Cone Error
1 152.241 | 33.175 0 0 0 8 0 0 0 8 [10.0 7.78 | 5.56 3.33 42
2 152.241 | 33.75 0 0 0 16 0 0 0 16 |10.0 7.78 | 5.56 3.33 42
3 152.241 | 33.75 0 0 0 32 0 0 0 32 (10.0 7.78 | 5.56 3.33 49
4 152.241 | 33.75 0 0 0 64 0 0 0 64 {10.0 7.78 | 5.56 3.33 42
Radial Col-
umn Error
1 152.241 | 33.75 0 0 0 0 4 0 0 0 [10.0 7.78 | 5.56 3.33 45
2 152.241 | 33.75 0 0 0 0 8 0 0 0 |10.0 7.78 | 5.56 3.33 45
3 152.241 | 33.75 0 0 0 0 16 0 0 0 |10.0 7.78 | 5.56 3.33 45
4 152.241 | 33.75 0 0 0 0 32 0 0 0 (10.0 7.78 | 5.56 3.33 45
Tangential
Column Error
1 152.241 | 33.175 0 0 0 0 0 4 0 0 |10.0 7.78 | 5.56 3.33 44
2 152.241 | 33.75 0 0 0 0 0 8 0 0 |10.0 7.78 | 5.56 3.33 44
3 152.241 | 33.75 0 0 0 0 0 16 0 0 {10.0 7.78 [ 5.56 3.33 44
4 152.241 | 33.75 0 0 0 0 0 32 0 0 |10.0 7.78 | 5.56 3.33 44
Orientation
1 152.241 { 33.75 8 8 0 0 0 0 0 0 |10.0 7.78 | 5.56 3.33 41
2 152.241 | 33.75 16 16 0 0 0 0 0 0 }10.0 7.78 | 5.56 3.33 41
3 152.241 | 33.75 32 32 0 0 0 0 0 0 |10.0 7.78 [ 5.56 3.33 41
4 152.241 | 33.75 64 64 0 0 0 0 0 0 |[10.0 7.78 | 5.56 3.33 41
Production
1 144.497 | 33.75 6 6 6 6 6 6 6 6 2.842| 2.842| 2.06 1.18 51
2 145.366 | 33.75 15 15 15 15 12 12 15 15 3.645| 3.645] 2.64 1.51 |51,52,53
3 146.139 | 33.75 30 30 30 30 18 18 30 30 4.359| 4.359| 3.16 1.81 51
4 142.404 | 31.75 15 15 15 15 12 12 15 15 3.645( 3.645| 2.64 1.51 52
5 154.385 | 35.75 15 15 15 15 12 12 15 15 3.645( 3.645| 2.64 1.51 52
6 140.262 | 33.75 15 15 15 15 12 12 15 15 3.645| 3.645| 2.64 1.51 53
K 154.496 | 33.75 15 15 15 15 12 12 15 15 3.645| 3.645| 2.64 1.51 53
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SECTION VII. EVALUATION

A. PERFORMANCE CRITERIA

The efficiency of a concentrator-reciever combination may be expressed simply

as the ratio of uséble input to total input:

dg Ac tj (1 - L) @ - Ay eoT4t,

n:
agAc t

, 27

where

qg = solar constant,

A, = area of concentrator intercepting solar energy,

tj = time in the sun,

L = fractional reflectance loss of concentrator (reflectance = 1 - L),
a = absorptivity of receiver,

AQ = aperture area of receiver,

€ = emissivity of receiver,

o = Stephan-Boltzmann constant,

T = absolute temperature of receiver,

FNGINEERING PROTEDURE S 017

and

REF

ty = time in which receiver radiates.

If, for the purpose of evaluating concentrators, a black body receiver is assumed,

then @ = € = 1. The efficiency then reduces to

A T4\ /t
e )
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Thus, concentrator-receiver losses may be divided into two factors: a reflectance
loss factor, L, and a radiation loss factor, (Ag/Ac) (0T4/qs) (tp/t;)). Each of
these factors contains a significant property of the concentrator. L is the com-
plement of reflectance, and AO/Ac is the reciprocal of the area concentration
ratio. L and Ay/A. are then the chief criteria by which concentrator perfor-
mance should bé evaluated. The evaluation is fortunately simplified by the in-
dependent effect on these criteria on performance and also by their independence
of each other. The evaluation of the cone-and-column concentrator therefore

considers these criteria separately.

A problem does arise however, in selecting a proper value of receiver aperture
area, AO, for use in the calculation of the radiation loss factor. The aperture
cannot be made large enough to include all of the energy in the focal plane, since
the focal plane flux profile approaches zero asymptotically. There does exist,
though, an optimum area aperture that will produce maximum receiver efficiency.
This optimum is a function of receiver temperature, a fact that complicates the
general analysis of concentrators. The optimum aperture for a particular con-
centrator and a particular receiver temperature is obtained by plotting focused
power and radiated power against aperture area. The maximum difference be-
tween these two curves is the maximum net power, and the corresponding aper-
ture area is the optimum aperture area. Since reradiation plots as a straight line
on these coordinates, the optimization may be accomplished by moving the radia-
tion line up until it is tangent to the focused power curve. The point of tangency
then defines the optimum aperture area and the focused power entering the aper-
ture. The y-intercept gives the maximum net power, which is the complement

of the radiation loss factor. The point where this radiation line crosses 100 per-
cent power defines an "effective aperture area, ' which is the value that should

be used in Equation 28 to obtain the radiation loss factor. The effective aperture

area, like the optimum aperture area, is a function of receiver temperature, but
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it is not as sensitive a parameter. For the purpose of the analysis, it was as-
sumed that the accuracy to which the concentrator is constructed will be governed
by the receiver temperature and the resulting radiation loss factor will be about
25 percent. Therefore, the effective aperture area is defined by the 100 percent
power intercept of a line drawn from the 75 percent point on the ordinate scaie
and tangent to the power versus area curve. The effective concentration ratio is

defined as the ratio of the concentrator frontal area to the effective aperture area.
B. LOSSES IN SYSTEM

1. Reflection Losses

Because of the significant effect of reflectance losses on performance and because
the cone-and-column concentrator utilizes three reflections, the subject of re-
flectance losses should be considered in detail. The evaluation made here will be

based mainly on theoretical considerations for reasons that will become apparent.

The reflectance of a reflector may be defined as the ratio of reflected energy to
incident energy. The reflectance may be subdivided into specular and diffuse
components, of which only the specular component is useful in concentrating sys-
tems. Reflectance is also a function of the wave length of the incident energy.

Only those wave lengths found in the solar spectrum are of interest here.

Reflectance is sometimes described as a property of a reflecting material and is
measured under conditions that eliminate or at least minimize all deleterious
effects. This is, of course, the only approach that will yield reproducible results.
In a practical reflector for a solar concentrator, this property of some specific
reflecting material can serve as a guide to the reflectance that can be obtained;
but in the final analysis, reflectance will be found to be a function of many more

factors than the reflecting material. The following are among the more important
factors:
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(1) The specularity of the substrate material to which the reflecting mate-
rial is applied.

(2) The method of application of the reflecting material to the substrate
material.

(3) The properties and thickness of any overcoating material used.

(4) The environment to which the reflector is subjected during use and
between manufacture and use.

(5) The angle of incidence of the incident energy.

These factors will be discussed generally in this report, but detailed examination

is given in References 2 through 7.

Some loss of specularity is encountered in using a substrate material other than
glass. The best plastic films will exhibit a diffuse component that is about 2 per-
cent of the total reflectance. Polished metal substrates will produce a diffuse
component that will depend greatly on the ability of the material to be polished

and on the care taken in polishing.

The vacuum-vapor deposition method of applying the reflecting material to the
substrate produces the best reflectance. To obtain maximum reflectance, the
material must be "flash' deposited and the angle of incidence of deposited mate-

rial must be limited (References 2 and 3).

Often a transparent overcoating is applied to the reflector for one or more of the

following purposes:

(1) Protection of the reflecting material.

(2) Increasing the thermal emissivity of the reflecting surface (References
4 and 5).

(3) Enhancing the reflectance of the reflecting material.
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Environmental factors that may cause degradation are oxidation, radiation, and

meteorite damage (Reference 2).

At angles of incidence greater than approximately 60 degrees, some loss in reflec-
tance will be experienced (Reference 6). The amount of loss is a function of the
reflecting material and the wave length of the incident energy and probably the

thickness and type of any transparent overcoating that may be used.

Since reflectance is a function of wave length, the spectrum of energy reflected
from a surface will differ from the spectrum of the energy incident on the surface.
With the cone-and-column concentrator, this change in spectrum at each of the

three reflections must be taken into account in determining the over-all reflectance
loss. The loss factor, L, is then given by

r’ p1(%) p2(A) p3(x) E(A) dA
L=1- 20 , (29)

I E(A)dA
0

where

p1(N\), p2(A), and p3(A) are the spectral reflectances of the three reflecting
surfaces,

E()) is the energy distribution in the solar spectrum (Reference 7),

and

A is the wave length.

7730 (5.63)

If each of the three surfaces has the same spectral reflectance, p (A), Equation

sw [e)]’ B an

0 . (30)
f E(A) dA |
0
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The value of L has been calculated for carefully prepared samples of aluminum

and silver (Reference 3). This was done by plotting p(A) against

A

E(A) dA
Jo E®
(* 00

E(N\) dA
), E™

The area under this curve is the solar reflectance for one reflection. [p(A)] 3
was then plotted, and the area under the curve was measured to obtain the solar

reflectance for three reflections (1 - L). The plots are shown in Figure 54. The
single reflectances obtained were 92. 8 percent for aluminum and 92. 0 percent for
silver. The triple reflectances are 80. 3 percent for aluminum and 86. 2 percent

for silver.

It can be seen from the plots that the first reflection from a silver surface filters
out most of the ultraviolet energy from the solar spectrum. The reflectances at
the subsequent reflections are then much higher, and the resulting triple reflec-
tance is quite high. This filtering action has an additional advantage. Since the
energy absorbed by the column at the second reflection and by the cone at the

third reflection will be decreased, these areas will operate at lower temperatures.

The chief disadvantage of silver is its poor durability under certain environments.

The test cone utilized aluminum evaporated onto a polyester film. Measurements
with the integrating sphere and the collimator light source indicated a reflectance

of about 80 percent. The following factors contributed to reflectance degradation:

(1) The diffuse component of reflectance.
(2) Dimples in the surface caused by dust particles between the mold and

the film during fabrication.
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(3) Oxidation of the aluminum as evidenced by a yellow tint of the surface.

The test column utilized aluminum evaporated onto a nickel-plate substrate and a
silicon oxide overcoat. Measurements of over-all reflectance and cone reflec-
tance indicate that the column reflectance is about 60 to 70 percent. The follow-

ing factors contributed to column reflectance loss:

(1) A large diffuse component due to the failure of the plating process to
level the deeper machining marks.

(2) Absorption of energy by the silicon oxide coating as evidenced by a
cloudy appearance on some areas on the column. Rainbow colors on
the column indicated interference effects in the coating, but these are

not necessarily deleterious.

In addition to the above reflectance losses, other losses are present due to seams
and wrinkles in the cone and due to rounding of the corners of the steps on the
column; they probably do not amount to more than one or two percent of the inci-
dent energy. These losses do not show up in the data, because these reflecting

areas were generally avoided in selecting points for examination.
2. Column Size Effects

The cone-and-column concentrator may be considered to concentrate solar energy
in two steps. The cone serves to concentrate the solar energy to an axis, and the
column serves to concentrate the energy to a point on the axis, thus achieving a
point focus. Since energy leaving the axis after the second reflection will return
to the axis after the third reflection regardless of azimuth, it is not essential

that the ray leaving the column have the same azimuth it had before striking the
column. It follows, then, that it is not essential that the ray strike the column
exactly or very near center. This can be seen from the plan view of the ray trace

diagram in Figure 25.
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As the incident ray moves further off the center of the column, the effectiveness
of the parabolic shape in focusing the ray becomes less. It was found in the
analysis that there is a critical column radius less than which the concentration
of energy falls off sharply and greater than which there is little effect on concen-
tration. The critical column radius is a function of the distance up the column
and the tangential angular error of rays approaching the column. In the optical
analysis, the column was divided into four uniform radius sections. Proportion
of radii was determined, which would require least column area with no signifi-
cant loss in performance. This proportionis 1 :1:0.725 :0.415. The required

radius of the top column section was found to be

Py = 0.01 Ry V4.6 + 0.313 Xpay + 0.267 04, - (31)

where
Ry is the rim radius of the cone,

Xmax is the orientation accuracy in minutes,
and

aét is the standard deviation tangential component of the cone slope error.
in minutes.

The square root relationship shows that the column radius does not increase in
direct proportion to the errors that must be accommodated. Probably in no design

will the radius of the top section exceed five percent of the cone radius.

Since the analysis indicated the independence of image size with respect to column
size up to some critical column radius, tests on the optical model should, and
did, verify this. Increase in image diameter due to tangential misalignment was
found to be very nearly the same as the increase due to radial misalignment.

Tangential misalignment causes the beam to strike the column off center; the
radial misalignment does not.
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3. Orientation Errors

Orientation error may be considered a displacement of the sun from the zenith of
the concentrator in the celestial sphere. In the case of a time averaged error
such as that used in the analysis, the sun may be considered as having its intensity
redistributed over a larger area. This spreading will be the same no matter what
type of concentrator is used. The image obtained of this spread sun will then be
dependent only on the imaging characteristics of the concentrator used. Since the
optics of the cone-and-column concentrator are essentially equivalent to the optics
of a paraboloidal concentrator, the effect of misorientation on performance should

be the same.

In the analysis it was determined that the effective image radius, d, is related to
the concentrator radius, Rg, and the orientation accuracy, X,,5%, by the following

relationship:

d = 0.01 Ry 0.55 + 0.00394 X 20y (32)

where Xy ax is in minutes.

The expression becomes more meaningful if it is written in the following form:

)2

- _Ro  [(1.60 x 16)2 + 2.16 X, , (33)

"~ 3440

where 16 expresses the radius of the solar disk in minutes and 3440 is the number
of fninutes in a radian. The coefficient 1. 60 accounts for the aberration assoc-
iated with the concentrator optics. The coefficient of Xmax wWould also be the
same, except that the distribution function associated with X,,,5x is different from
the distribution of intensity in the solar disk.

The test of the concentrator with the collimated light source misaligned with the

optic axis produced a shift in the power curve proportional to the misalignment
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angle. The proportionality factor was the same as would be obtained with a para-

boloidal concentrator. Thus, this test helped to verify the similarity to parabo-
loidal optics.

4. Slope Errors

The effects of slope errors in the reflecting surfaces were investigated in the
computer analysis. Tangential and radial components of surface slope errors
were investigated separately. The cone and the column surfaces were analyzed
separately. The combined effect of errors at the two points of incidence on the
cone was determined with the error distributions at the two points equal. It was

found that the effective image radius, d, could be expressed as a function of the

standard deviation components as follows:

d = 0.01R, V0.55 + 0.0087 (agt)z , (34)
J 7 |
d = 0.01 Ry, v0.55 + 0.033 (aer) s (35)
_ J 2
d = 0.01 R, v0.55 + 0.000209 (aat) , (36)
and
_ / 2
d =0.01R, v0.55 + 0.0178 (oar) , (37
where
R, is the cone radius,
o is the standard deviation of the slope error distribution in miﬁutes,
and

the subscripts 5, a, t, and r refer to the cone, the column, the tangential
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component, and the radial component. Putting the equations in the form of Equa-

tion 33, we obtain the following:

d=—2 J(1.60x 162 + (3.2105)2 , (38)
3440 t
Ro 2 )
d = 32 J1.60 x 16)% + (6.26 057, (39)
Ro 2 2
v \/(1.60 x 16)° + (0.50 05)°, (40)
R 2 _\2
= 3420 \/(1.60 x 16)¢ + (4.57oar) . (41)

The relative effects of the various errors may be seen at once by inspection of

the above equations.

The dependence on oG should be negligible as implied in the discussion on column
sizing. The reason for the small dependence shown here is that relatively large
columns were used in the determination of these equations, and this tends to in-
crease the coefficient of ac—lt. More accurate results will be obtained by assuming

no dependence on cxa—t as long as it is less than one or two degrees.

In the test concentrator, the errors could not be separated, so there was no means

of verifying these equations.
5. Summation of Losses

In the concentration system, each angular deviation that contributes to the dis-
tribution of energy about the focus is itself distributional in nature. The distri-
butional variations are the variation of intensity in the solar disk, the orientation
error, the components of slope error in the reflecting surfaces, and the optical

aberration associated with the concentrator geometry.
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In superimposing one distribution on another, a third distribution is obtained. If
the two distributions are one-dimensional Gaussian distributions with standard
deviations ¢y and og, the resulting distribution will be Gaussian with a standard
distribution 05 = o012 + 092 . The form of this equation is the basis for the
form of Equations 32 through 41. While the various distributions are not neces-
sarily Gaussian, the computer analysis showed that they are apparently sufficiently
close to obey the rule of Gaussian superimposition. Further, neither are the
distributions one-dimensional, but the analysis showed that the image radius is
governed by the wider distribution. The power contained in this image will be

only slightly affected by the narrower distribution.

The radius of the image based on the ''radial distributions' is determined by
superimposing the distribution factors for radial errors. The radius based on
"tangential distributions' is determined similarly from the distribution factors
for tangential errors. The larger of these two radii is then the image radius.

Using Equations 33, 35, and 37, the radius for radial errors is

Ro

dy = 3720 V(1.60x 16)2 + (2.16 Xpax)? + (6.2605 )2 + (4.57 oar)z . (42)

Using Equations 33 and 38, the radius for tangential errors is

Ro 2 2 2
dt = 5oa J1.60 x 16)2 + (2.16 Xpa)2 + (8.2105)2 . (43)

The effective image radius, d, is then the greater of d. and dt. The normalized
effective image area used in Equation 28 is Ay/A, = dz/Ro2 . Again, this is the

reciprocal of the effective area concentration ratio.

These relationships were verified in part by computing the focal plane distribu-
tions for three degrees of accuracy. To obtain these degrees of accuracy, the

orientation accuracies were chosen to be 6, 15, and 30 minutes and the standard
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deviations of slope error for the cone and the column were chosen to be 6, 15,

and 30 minutes and 6, 12, and 18 minutes respectively. The plots of power versus
area are shown in Figure 51. The calculated values of Ao/Ac based on di as given
by Equation 43 are 0.101 x 1073, 0.340 x 1073, and 1.211 x 10-3. Based on
Equation 42 for dy, Ag/A, was determined to be 0.249 x 1073, 1.287 x 10-3, and
4.982 x 1073, 'In each case, d, > d; and the latter values of Ag/A. show good
agreement with the effective normalized aperture area as determined from the

curves.
C. GEOMETRY

The basic geometry of the cone-and-column concentrator may be defined by the
three parameters: the apex half-angle of the cone, 6; the effective rim angle, 3;
and the rim radius of the cone, R,. Another factor having a small influence on
the geometry is the radius of the top of the column, p,. Dependent geometric
parameters are the angle between the column surface at the top and the concen-
trator axis, @, and the following distances from the cone apex: to the top of the
column, H; to the focal point, S; and to the plane containing the rim of the cone, U.

The dependence is given by the following equations:

0 = £+ 26 - 900, (44)

H = R, sin 26, (45)

S = Rg (cot 5 + cot 26), (46)
and

U = R, cot 6. (47)

In selecting a geometry, the following factors must be considered:

(1) B must be selected to give an image size that is near minimum, gener-

ally 40° < 8 < 65°.
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(2) 6 must be large enough so that no large reflectance losses result from
the high angle of incidence at the first reflection.

(3) o, must not be negative by more than approximately four degrees if
flaring of the top of the column or ray blockage by steps on the column
is to be avoided. |

(4) S should be sufficiently greater than H to avoid interference of the top
of the column with rays coming from the bottom of the cone.

(5) S should not be so much greater than H or U that structural problems

arise in the support of the heat receiver or the rim of the cone.

For all the computer calculations, a basic geometry was used, which is charac-
terized by the parameters 8 = 45 degrees and 9 = 33.75 degrees. Investigation
shows that only slight changes from these values are allowed by the limitations
listed above.

Computer analyses were made for the concentrator with intermediate accuracy
varying 6 to 31.75° and 35.75° and varying 8 to 41° and 49°. The performance
curves are shown in Figures 52 and 53. Inspection of these curves in the vicinity
of the 95 percent power point shows no significant improvement due to the changes
and a slight loss when the rim angle was decreased and when the cone angle was

increased.

It may be concluded that the basic geometry chosen is near optimum from both a

performance standpoint and a structural standpoint.

REF: ENGINEERING PROCEDURE 5.017
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SECTION VIII. CONCLUSIONS

The experimental and computational investigations made on the cone-and-column
concentrator shc;w that the cone-and-column concentrator performs essentially

the same as a paraboloidal concentrator. The chief differences are due to the

two additional reflections required in the cone-and-column concentrator. The
investigation also clarified some of the basic relationships between errors, losses,

and performance of concentrators in general.

In the evaluation of concentrators in general, it was found that reflection losses
should be subtracted from the ideal receiver efficiency to obtain over-all concen-
trator receiver efficiency. This produces a lower result than taking the product
of reflectance and receiver efficiency and attaches greater significance to con-

centrator reflectance.

With the cone-and-column concentrator, the reflectance losses tend to become
high because of the three reflections required. It was found that the limiting
value of reflectance is somewhat higher than the cube of the single reflectance.
Limiting values of triple reflectance calculated were 86. 2 percent for aluminum

and 80. 3 percent for silver.

It was observed in the analysis that the distributional deviations and errors are

not additive arithmetically but follow the rules of distributional superimposition,

i.e., otota] = Jalz + 022 + 033 + ... Since the cone-and-column optics super-

impose up to five distributions (solar, orientation, and three surfaces) to obtain
the focal plane flux distribution, the cone-and-column provides much higher con-

centrations than would be anticipated by simply adding the deviations and errors.
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It was determined that the image radius is determined from the larger of the two

expressions

RO
3440

dyp = Ja.60x 162+ 2.16 X

max)” + (6.260§r)2 +(4.5705)%  (48)

and

Ro 2
dt = 3220 J(1.60 x 16)% + (2.16 X

max)z + (3.21 agt)z . (49)

Area concentration ratio is then (Ro/dmax)z . Since d, tends to be greater than
d;, the accuracy requirements on the tangential slope error of the cone can
usually be relaxed with no loss of performance, but with a weight penalty assoc-
iated with an increase in column radius. Examination of these equations also
discloses the independence of image radius on tangential slope error of the col-

umn, ¢ g,-

Figures 51 and 55 show fractional power (or geometric efficiency) plotted against
normalized aperture area and its reciprocal, concentration ratio, for three de-
grees of accuracy. These curves typify the concentrating ability of cone-and-

column concentrators.

The analysis showed that there is a critical column diameter less than which the
performance falls off sharply and greater than which there is practically no effect
on performance. This diameter varies along the length of the column. If four
uniform diameter column sections are used, their diameters should be kept in
the proportion 1 : 1 : 0.725 : 0. 415, starting at the top. The critical radius at the

top of the column was found to be expressed by

pg = 0.01 Ry 4.6 + 0.313 X, + 0.267ag,, (50)
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where R, is the cone rim radius, X ax the orientation accuracy in minutes, and
og t the tangential component standard deviation slope error in minutes. The
square root relationship tends to keep the critical radius from ever becoming very
large. For the three typical concentrators shown in Figures 51 and 55, the values
of po/R0 used were 0. 02842, 0.03645, and 0.04359, starting with the most accu-

rate concentrator.
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SECTION IX. RECOMMENDATIONS

The optical analysis contained in this report has been carried as far as possible
in a general form. Further analysis will be needed only to meet the requirements

of a specific application.

The most significant gap in the analysis is the absence of good information for
determining the reflectance loss. To fill this gap, typical materials and fabrica-
tion methods should be investigated in order to determine a reasonable value for

the reflectance loss.

In order to determine the competitive position of the cone-and-column concen-
trator, the problems and weights associated with the deployment of this configura-
tion should be investigated. A logical first step would be the construction of a

small-scale deployable model.
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SECTION X. LIST OF SYMBOLS

NOTE: Angles not identified on illustrations are arbitrarily
assigned auxiliary angles.

Concentrator radius

Radius of concentrator at base of cone reflective surface

Ratio of concentrator radius at cone base to radius of cone rim
Distance from apex to focal point

Change in S

Distance from apex to vertex of parabola which determines shape of
column

Declination of sun from concentrator axis
Azimuth of sun with respect to the reference orientation axis

Azimuth of sun with respect to concentrator radius through point of
incidence

Aximuth of Ry with respect to the reference orientation axis; selected at
random between 0 and 360°

Angle, on solar disk, between concentrator azimuth and origin of ray
being traced; selected at random between 0 and 360°

Angle between line-of-sight to sun and ray being traced
A constant representing a fixed orientation error
Apex half angle of cone

Surface slope error of cone at point of first reflection
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0 Surface slope error of cone at point of third reflection
a Angle between tangent to a perfect column and concentrator axis
a Surface slope error of column at point of second reflection
B Angle between focused ray and concentrator axis
j Number of sections comprising the column
p Column radius
P Ray length
d Distance, in focal plane, of ray from focal point
T Angle of incidence and reflection at first point of reflection
o5 Standard deviation of radial slope error at the first point of reflection
r
aét Standard deviation of tangential slope error at the first point of reflection
aar Standard deviation of radial slope error at second point of reflection
o Standard deviation of tangential slope error at second point of reflection
ot
o5 Standard deviation of radial slope error at third point of reflection
r
o5 Standard deviation of tangential slope error at third point of reflection
t
Angle of incidence and reflection at second point of reflection
Angle of incidence and reflection at third point of reflection
Kq A number selected at random between 0 and +1
Cx A number selected at random between -1 and +1
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vy, Vg, U3 An angle selected at random between 0 and 360°

Py, Py, P3 A number selected at random between 0 and +1
(RI)‘?' A number selected at random between (R,;)2 and (R0)2

Xg The abscissa of the normal curve (as given by Reference 1) for 8 cor-
responding to a cumulative probability of Py

X5 The abscissa of the normal curve (as given by Reference 1) for & cor-
responding to a cumulative probability of Py

X= The abscissa of the normal curve (as given by Reference 1) for § cor-
0 . . N

responding to a cumulative probability of Pg

Subscripts

o] Associated with the outside or rim ray

r In or associated with a radial plane (a plane containing the concentrator
axis)

t In or associated with a tangential plane (a plane perpendicular to a radial
plane)

1, I At or associated with point of first reflection

2, 11 At or associated with point of second reflection

REF- ENGINEERING PROCEDURE S 17

3, III At or associated with point of third reflection
4 At or associated with intersection of ray and focal plane

h Horizontal projection
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